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Foreword

Through the ages, plants have evolved and used intricate networks of interacting
molecules for regulating growth and propagation and also to mount defence
mechanisms to overcome and adapt to adverse conditions brought about by
abiotic (environmental) and biotic (pathogenic) stresses. In recent times,
environmental stresses have intensified due to global warming and climate
change-induced adverse conditions such as salinity, submergence, drought
and temperature fluctuations. Due to loss of biodiversity and over-reliance
on chemicals, there has also been an increase in infection-related stresses.
These have had an adverse effect on agricultural production. To ensure food
security, it may be necessary to intervene genetically to speed up the defence
and adaptation processes. For this, it is very important to understand the
molecular mechanisms that underlie defence and adaptation to biotic and
abiotic stresses. This new book “Plant Signaling: Understanding the Molecular
Crosstalk” will be a very good introduction to the subject.

The environmental and pathogenic stress signals are recognized by stress-
specific sensor proteins embedded in the plant cell membrane that help to
transmit the exogenous signals from the cell surface to the nucleus where they
stimulate different regulatory genes and transcription factors responsible for the
expression of specific protective and adaptive proteins. Plant infection triggers
production of resistance proteins that bind to pathogen-derived factors. This inter-
action initiates a signal transduction cascade that ultimately causes localized
cell and tissue death at the site of infection and imparts non-specific immunity to
the rest of the cell. Understanding the host-pathogen interactions at the molecular
level could help with the engineering of disease-resistant transgenic crops.

“Plant Signaling: Understanding the Molecular Crosstalk™ is a very timely
and relevant anthology of review chapters that outline the current understanding
of the myriad ways in which different molecules interact directly and
indirectly within various regulatory networks to provide protection and adap-
tive capability to plants. Different chapters of the book review the current
knowledge of different exogenous and intracellular factors involved in stress
recognition, signal transduction and expression of genes involved in disease
resistance and immunity and the activation of specific transport channels and
adaptive molecules. The references will be particularly helpful in guiding
researchers and students to original literature that provide information on
the various molecular crosstalks that help the plants to adapt to adverse
conditions and infections.
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Some of the signalling cascades and signalling molecules described in
detail include cyclic nucleotide-gated channels involved in multiple pathways
related to immunity and stress, plant-specific Rab GTPases involved in mem-
brane trafficking and several pathways and reactive oxygen species (ROS)
which in optimum amounts help to overcome external stresses but in larger
amounts can be harmful to plants. A number of chapters provide details of
cell signalling pathways that could help plants to adapt to salinity, drought,
heat and cold stress. Plant sugars could also be involved in cell signalling
through interaction with plant stress hormones such as ethylene. A number of
chapters also demonstrate how plants utilize a large number of signalling
molecules and pathways for their own survival, growth and maintenance of
biodiversity. These include membrane-active phosphoinositols and “SNARES”,
the pathways involved in self-incompatibility (for rejection of self-pollen),
senescence, nitrogen regulation and signalling and symbiotic and nonsymbiotic
associations between plants, fungi and bacteria.

Unravelling in detail the N-signalling pathway could result in the construc-
tion and production of high N-efficient genotypes of important food crops.
Understanding the molecular signalling mechanisms and the functional
genomics of important agricultural crops and also of wild-type plants and
organisms with important resistance traits could help in the identification of
novel pathogenic and stress-resistance genes that could be useful in the
production of useful transgenic plants resistant to infections or adapted
to climate change-induced stresses. ‘“Plant Signaling: Understanding the
Molecular Crosstalk” will be a very valuable addition to academic libraries
and a handy source of information to researchers involved in research and
innovation in the field of food security and biodiversity.

Incepta Visiting Professor Centre Ahmed Abdullah Azad
for Advanced Research in Sciences,
Dhaka University, Dhaka, Bangladesh

Formerly:

Chief Research Scientist, CSIRO, Melbourne, Australia

Director of Research, University of Cape Town, South Africa
Member, Council of Scientific Advisors, International

Centre for Genetic Engineering and Biotechnology

Member, Board of Directors, Medical Research Council, South Africa
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Preface

The ever-growing population of the world will have an adverse effect on the
agricultural productivity. Besides, many other factors are responsible for a
decline in crop productivity including the over-exploitation of bioresources,
mal-agricultural practices and deleterious abiotic environmental stresses. For
meeting the increasing food demands and overcoming the losses incurred by
various factors, researchers are always on the look for the development of
novel strategies. The new scientific innovations are reached upon through
interdisciplinary approaches and by broadening the research area. Plants have
unique abilities to grow in varied locations all over the world, and they show
remarkable developmental plasticity for sustaining in these continually
changing environments. Unlike other organisms, plants are sessile and they
experience a plethora of biotic as well as abiotic stresses such as pathogens
(viral, bacterial, insects, etc.), drought, salinity, temperature and metal toxicity.
The plants have adapted themselves against these stresses by developing
specialized mechanisms. They respond to the external cues by changing their
morphologies, and these signals are recognized with the help of some mem-
brane protein sensors that in turn are transduced to the nucleus. Ultimately,
the nuclear transcription factors and genes are stimulated to form the product
leading to plant adaptations at various levels and thus assisting them to sustain
and surpass the adverse conditions.

Over the last 20 years, the concept of signalling is being continually modified,
especially the molecular crosstalk associated with it. It has taken a shape of a
new field due to the complexities and broadening of the knowledge base in the
subject. Furthermore, during the last 10 years, the understanding in the field
of plant signalling has been greatly enhanced by the development of various
bioinformatic tools. The mapping of various plants especially the Arabidopsis
thaliana has greatly assisted in identification of hormonal, developmental and
environmental signal transduction pathways and the existing crosstalk between
them. Signalling pathways utilize a complex network of interactions to
orchestrate biochemical and physiological responses such as flowering, fruit
ripening, germination and photosynthetic regulation, besides shoot or root
development. Signalling agents that appear to be common to many different
pathways include Ca?', inositol phospholipids-proteins, cyclic nucleotides,
protein kinases and protein phosphatases. Any signal transduction pathway
may involve the coordination of multiple signalling agents operating in
multiple cellular structures. These agents never work in isolation, but always
in networks that intersect multiple signalling pathways. The hormone-mediated

vii
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pathways (GA, TAA, ABA, JA, Br and SA) are involved in developmental
responses. The cyclic nucleotide-gated channels (CNGCs) in plants are a part
of complex signalling network that conduct cations and are responsible for
diverse responses from stress tolerance, transpiration and fertilization.
Phosphoinositides (PIs) comprise a family of minor membrane lipids which
play important roles in many signal transducing pathways in the cell. Signalling
through various PIs has been shown to mediate cell growth and proliferation,
cytoskeleton organization, vesicle trafficking, regulation of ion channels and
nuclear signalling pathways in various eukaryotic models. Membrane trafficking
is a highly regulated process in which various molecular machineries are
involved. It involves vesicle formation, tethering and finally fusion. SNAREs
are involved in these membrane-trafficking events, and these interact with
several proteins such as Rabs that act as regulators of SNARE-complex
formation, and together they gate channels’ potential signalling processes.
Amongst the environmental factors which are involved in signalling are the
reactive oxygen species (ROS) generated during cell metabolism. ROS are
spontaneously produced in the cell by auto-oxidation reactions. Some of
these ROS are physiologically useful and in fact necessary for life but can also
be harmful if present in excess or in inappropriate amounts. The NO-mediated
pathways have a role in plant defence and immunity. The cold stress tolerance
mechanisms involve the sensing followed by expression of cold-responsive
genes and transcription factors leading to formation of compatible solutes
or osmoprotectants. The environmental factors are also responsible for the
initiation of senescence process that is coordinated through common signalling
networks involving various phytohormones acting as signalling molecules
(ethylene, ABA, SA and JA). The biotic stresses (pathogens) constantly challenge
the plant defence, and the disease development is rare due to resistance
mechanisms which are interconnected signalling networks.

The plant signalling is an ocean of information, and it is a challenge to
comprehend and cover the entire aspects of a subject at the same place.
The present book is providing the detailed coverage of a broad range of
aspects of signalling and emphasizing the critical importance of such signalling
to plant and associated systems.

Serdang, Malaysia Khalid Rehman Hakeem
Srinagar, India Reiaz Ul Rehman
Srinagar, India Inayatullah Tahir

Preface
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Bisma Malik, Tanveer Bilal Pirzadah, Inayatullah Tahir,
Reiaz Ul Rehman, Khalid Rehman Hakeem,
and M.Z. Abdin

Abstract

It is noteworthy to mention how the last 20 years have modified the
concept of signalling in plants, especially the molecular crosstalk associ-
ated with it. Plants have the ability to show remarkable developmental
plasticity to sustain in a continually changing environment. In response to
various environmental stresses such as drought, salinity, metal toxicity,
temperature and pathogens, plants defend themselves by developing some
special defence mechanisms. Plants recognise these environmental signals
with the help of some membrane protein sensors and then transduce these
signals to the nucleus which ultimately stimulates various transcription
factors and genes to form the product that ultimately leads to plant adapta-
tion and assists the plant to sustain and surpass the adverse conditions.
Amongst the environmental factors which are involved in signalling is the
reactive oxygen species (ROS) generated during cell metabolism. ROS are
spontaneously produced in the cell enzymatically through the action of
various soluble membrane-bound enzymes and nonenzymatically by
autoxidation reactions. Some of these ROS (e.g. superoxide dismutase,
hydrogen peroxide and nitric oxide) are physiologically useful and in fact
necessary for life but can also be harmful if present in excess or in inap-
propriate amounts. Current research in this regard focuses more on the
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development of transgenic plants with enhanced tolerance to ROS by
using genetic approaches and analytical techniques. In particular nitric
oxide (NO), areactive radical, may be involved in the defence mediated by
the ROS such as defence gene activation, hypersensitive response cell
death and phytoalexin biosynthesis. By using biotechnological approaches
NO together with ROS activates a stronger response and tolerance to vari-

Signal transduction pathways ¢ Defence mechanism ¢ ROS ¢ Oxidative

“signal transduction” became attractive in the

2
ous stresses in plants.
Keywords
stress ®* NO ¢ Transgenic plants
1.1 Introduction

Plants are sessile organisms and are constantly
being exposed to a plethora of biotic as well as
abiotic stress conditions such as temperature,
drought, heavy metal and salinity stresses
(Mahajan and Tuteja 2005; Hakeem et al. 2012)
(Figs. 1.1 and 1.2). These stress conditions
greatly influence the plant growth, development,
distribution and productivity. Besides, these
stress conditions influence various metabolic
reactions that lead to the production of different
toxic compounds such as ROS formation which
have deleterious effects on the physiology of
plants. However during the course of evolution,
plants have developed an array of mechanisms
manifested through modified physiology to
sustain environmental abiotic stress and resist
hurdles originating from biotic stress. Plant accli-
matisation to abiotic stress conditions usually
depends upon the stimulation of cascades of
molecular channels involved in stress perception,
signal transduction and the expression of particu-
lar stress-related genes and metabolites (Guo-Tao
et al. 2012). These abiotic as well as biotic signal-
ling agents typically bring about their effect by
means of sequences of biochemical reactions,
termed as signal transduction pathways, that
greatly amplify the original signal and ultimately
result in the stimulation or repression of genes.
Signal transduction is the term generally used to
define the distinct array of biochemical mecha-
nisms that control cellular physiology. The term

early 1980s, and now it is considered to be one of
the most intensively studied areas that is spawn-
ing increasing interest worldwide. Although
much information is known about the animal and
fungal signal transduction pathways, analysis of
signalling pathways in plants has come from
since the pioneering studies which identified
phytochrome as the first receptor in plants. These
phytochromes were the only known receptors in
plants until the early 1990s when a number of
putative receptors were identified. Signal fluctua-
tions vary from time to time both qualitatively
and quantitatively. However, these signals are
carried out by various cellular components such
as xylem and phloem, the circulatory system,
which can accommodate very large and rapid
fluxes. The two fundamental components of
signal transduction pathways involve intracellular
Ca*? and protein kinases, enzymes that phosphor-
ylate and thereby alter the function of target
proteins. Changes in protein phosphorylation
patterns were observed after exposure of plant
cells to abiotic as well as biotic factors like tem-
perature stress, fungal elicitors and hormones
(Felix et al. 1991; Raz and Fluhr 1993) and dur-
ing establishment of freezing tolerance (Monroy
et al. 1993). Recently, progress has been made in
identifying primary signal reception mechanisms
and early events in signalling cascades in higher
plants. Intracellular signalling proteins and sec-
ond messengers are often used to characterise a
readily diffusible molecule involved in transmit-
ting signals from an extracellular source to the
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Fig. 1.1 External signals that affect plant growth and
development include many aspects of the plant’s physical,
chemical and biological environments. Some external sig-

premier target enzymes within the cell. In plants,
cytosolic Ca*? transduces many signals and is
an eminent second messenger. Thus, it must be
retained in the cytoplasm at concentrations many
orders of magnitude lower than the Ca*? in the
cell wall. Ion channel-mediated signal transduc-
tion in higher plants has notable differences
from signalling mechanisms in animal systems.
Of the many types of ion channels found in higher
plants, recent findings have indicated that an
ion channels, along with Ca?* channels, play
critical and rate-limiting roles in the mediation
of early events of signal transduction. Signals
are mostly perceived membrane proteins, and
therefore transmembrane events are the likely
route for signal generation and transduction.
In plants, the well-characterised plasma membrane-
based receptors include transmembrane receptor
enzymes (usually kinase), ROS sensors and
G-protein-coupled receptors (GPCRs). Currently
in plants, the G-protein-coupled receptors (GPCRs)

Mineral
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Humidity

K Herbivores

GH,
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nals come from other plants. Apart from gravitropic sig-
nals, all other signals vary in intensity, often from minute
to minute

are reported to be involved in processes such as
ion channel and abscisic acid signalling and
modulation of cell proliferation (Wang et al.
2001). Moreover, the signal transduction
pathways in plants under abiotic stresses have
been categorised into three main categories:
(1) osmotic/oxidative stress signalling that
involves  mitogen-activated protein  kinase
(MAPK) modules, (2) Ca**-dependent signalling
that leads to activation of LEA-type genes such
as dehydration responsive elements (DRE)/cold-
responsive sensitive transcription factors (CRT)
class of genes and (3) Ca*>-dependent salt overly
sensitive (SOS) signalling that results in ion
homeostasis (Xiong et al. 2002). In particular,
current progress in this area has emphasised the
role of Ca*>- and Ca*?/CaM-regulated transcrip-
tion in plant cell response to stresses (Reddy
et al. 2011). The two main objectives of engineer-
ing signalling pathways are to understand how
natural networks function and to build synthetic
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Fig. 1.2 A variety of internal signals modify plant cell
metabolism, growth, and development. The ability of cells
to respond to these signals is not confined to cells that are
still growing and developing. Mature cells, too, can initi-
ate metabolic responses and can even reinitiate growth
and division in response to signal information

networks with specific applications or functional-
ities. Understanding the knowledge about the
specificity of the stimulus, the biochemical nature
of the receptor and the specificity of the responses
is of paramount importance to better understand
the diverse signalling pathways in plants. The
main aim of this review is to discuss the mecha-
nisms of signalling in plants, the ROS and NO
signalling processes and their components, which
commence thereafter and the resulting tolerance
mechanisms.

B. Malik et al.

1.2 General Features of Signal
Transduction

The Signal transduction pathways are remarkably
specific and exquisitely sensitive. The interaction
between signal and receptor molecules is specific
which happens due to complementarity amongst
them. Specificity is achieved by precise molecu-
lar complementarity between the signal and
receptor molecules (Fig. 1.3a). This process is
mediated by the same kinds of weak (non-
covalent) forces that mediate enzyme-substrate
and antigen-antibody interactions. In the multi-
cellular organisms the specificity is provided
only by certain types of cells which contain the
signalling receptors and intracellular targets of
the signalling. Various genes are involved with
the signalling process that are necessary for the
plant cell to maintain the fate of development in
the leaves and roots. A chain of various signal-
ling molecules must be present within the trans-
duction mechanism for the development of the
cell because cells undergo changes during growth
and they must maintain the internal and external
conditions properly even in chaotic environmental
conditions. The plant signalling pathway involves
the “transducons” that are likely to be Ca®* recep-
tors such as calmodulin, calmodulin-binding
proteins (e.g. kinase or microfilament-organising
proteins) and calcium-dependent protein kinases.
In single cell, the response of the entire plant
must not be neglected. The plant cells and tissues
individually require the co-ordination between
them and complex mechanism of signal commu-
nication. Proteins, peptides and RNAs, growth
factors, modulation factors, sugar and the
mechanical signals are involved in tissues and
cell communication (Trewavas 2002). The fac-
tors which are responsible for the sensitivity of
signal transducers include receptors affinity for
signal molecules, cooperativity in the ligand-
receptors interaction and finally signal amplifica-
tion by enzyme cascades.

Cooperativity in receptor-ligand interactions
results in large changes in receptor activation
with small changes in ligand concentration.
Amplification by enzyme cascade results when
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Fig. 1.3 Four features of signal-transducing systems
(a) Specificity: Signal molecules fits binding site on
its complementary receptor, Other signal do not fit.
(b) Amplification: When enzymes activate enzymes, The
number of affected molecules increases geometrically
in an enzyme cascade. (c¢) Desensitization: Receptor

an enzyme associated with a signal receptor is
activated and, in turn, catalyses the activation of
many molecules of a second enzyme, each of
which activates many molecules of third enzyme
and so on (Fig. 1.3b). Such cascade can produce
amplifications of several orders of magnitude
within milliseconds. The response to a signal
must also be terminated such that the downstream
effects are in proportion to the strength of the
original stimulus. The sensitivity of a receptor
system is subject to modification. When a signal
is present, continuous desensitisation of the
receptor system results (Fig. 1.3c); when the
stimulus falls below a certain threshold, the sys-
tem again becomes sensitive. A final noteworthy
feature of signal-transducing systems is integra-
tion (Fig. 1.3d), the ability of the system to
receive multiple signals, and produces a unified

[w >
[w D
[w D
[w D
[w D

\-______________________,
Net A (X) or V,,

!

Response

activation triggers a feedback circuit that shuts off the
receptor or removes it from the cell surface. (d) Integration:
When two signals have opp. Effects on a metabolic charac-
teristics such as concentration of a second messenger X, or
the membrane potential V,, The regulatory outcome
results from the integrated input from both receptor

response appropriate to the needs of the cell or
organism. Different signalling pathways con-
verse with each other at several levels, generating
a wealth of interactions that maintain homeosta-
sis in the cell and the organism.

1.3 Role of Signal Transduction
in Plants

Signal transduction in plants plays an essential
role to combat multiplex of environmental and
hormonal stresses. The abiotic and biotic stresses
such as salinity, drought, temperature, pathogens
and water stress possess ill effects on plant
growth and development. In order to defend
themselves, plants have developed some endog-
enous defence mechanisms to counteract such



stresses. Plants have the unique ability to cope up
these stresses and survive under various stressful
conditions. In this mechanism, the signals are ini-
tially perceived by various membrane-bound sen-
sors which in turn get amplified and then
transduce these signals to the nucleus in order to
stimulate the cascade of reactions that ultimately
lead the cell to function in the appropriate man-
ner. Although there are various characteristics
that make the plant resistant to environmental
changes, some plants show plasticity towards
these factors that adds an extraordinary layer of
molecular and biochemical complexity that is a
unique character of plants. There are many other
growth substances like cytokinin, abscisic acid,
ethylene and gibberellic acid, brassinosteroids,
jasmonates and peptide hormone that act as
agents in the signalling pathway and as such
help to enhance the plasticity in plants. There
are at least 600 receptor kinases present in
Arabidopsis, and the majority of the receptor
kinases are membrane bound. The receptor
kinase in the plants plays an important role in
incompatibility and disease defence signal trans-
duction. The mechanism of signal transduction in
plants involves many kinase cascades and tran-
scription factors that regulate and complete the
signalling pathway. A better knowledge of signal-
ling/response coupling mechanisms in plants
includes recognition of the stimulus by protein
sensors that activates the gated ion channels like
G-protein-coupled receptors (Fairchild and Quail
1998; Jones et al. 1998; White 2000), and genera-
tion of second messenger by hydrolysis of
membrane components, viz. Phosphoinositides
(Sanders et al. 1999; Poovaiah et al. 1999).
Besides, it also involves enzyme stimulation
especially protein kinases and transient increase
in calcium influx. Moreover, phosphorylation
and dephosphorylation of proteins is a ubiquitous
mechanism to maintain the biological function
of the cell. Recent progress has been achieved
in identifying the signalling mechanism in higher
plants. It has been revealed that the gated ion
channels along with second messengers play an
essential role in mediating intracellular responses
in higher plant signal transduction. Through vari-
ous studies it has been found that anion channels

B. Malik et al.

along with Ca?* sensors, MAP kinases and ROS
play crucial and rate-limiting roles in mediating
plant responses and is now an emerging field of
scientific research that finds important applica-
tion in biotechnology and agriculture (Yinong
et al. 2012). Some of the components that play a
crucial role in plant signal transduction with
recent advancements are as follows:

1.4 Role of ROS in Plant
Signal Transduction

Free radicals which are defined as independent
chemical species with one or more unpaired elec-
trons can be formed from a diverse group of
chemicals and are generally considered to be
highly reactive. The term reactive oxygen species
(ROS) is now generally used to denote all the
oxygen-centred radicals as well as compounds
containing chemically reactive oxygen functional
groups such as singlet oxygen, hydrogen perox-
ide, hypochlorous acid and peroxide, hydroper-
oxide and epoxide metabolites of endogenous
lipids and xenobiotics (Giri et al. 1999). ROS are
generated spontaneously in a living cell during
several metabolic pathways including biological
electron transport system (photosynthetic, mito-
chondrial, microsomal), various enzymes and
biomolecules: xanthine oxidase, cyclooxygen-
ase, lipoxygenase, autoxidation of catecholamines
etc. (Chandna et al. 2012; Halliwell 1999).
Regulation of the multiplex redox and ROS signals
in plants requires a high degree of co-ordination
and balance between signalling and metabolic
pathways in different cellular components
(Nobushiro et al. 2012). The process of oxidation
occurs in any oxygen-rich environment where
substrates are exposed to light and heat. These
processes are all mediated by highly reactive
oxygen radicals (Harman 2000). During physio-
logical processes, oxygen is involved in oxida-
tion of substrates to generate energy which results
in the production of oxygen radical. They also
have a beneficial role in phagocytes where they
protect the cell against bacteria and parasites.
Various ROS such as superoxide radical, hydro-
gen peroxide and hydroxyl free radical can cause
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damage to respiring cells. These ROS are highly
toxic, mutagenic and reactive (Halliwell 1997).
The production of ROS is a physiological process
due to oxidative metabolism of the cell. A serious
imbalance between reactive oxygen species and
antioxidants causes oxidative stress. Oxidative
stress is caused by antioxidant deficiency or by
increased production of reactive oxygen species
(Fig. 1.4); by environmental stresses such as tox-
ins, light and pathogens; or by inappropriate acti-
vation of defence responses (Halliwell 1997).
Extreme production of ROS or inappropriate
removal leads to oxidative stress which results in
the malfunctioning of various physiological pro-
cesses and damage to biological macromolecules
(Chopra and Wallace 1998). In order to combat
oxidative stress, plants exhibit an internal defence
mechanism such as antioxidants: enzymatic or
nonenzymatic or low molecular weight antioxi-
dants. If ROS formation is high and antioxidant
level is low, it results in the accumulation of free
radical molecules in the cell, causing oxidative
stress (O’Brien et al. 2012). The generation of
free radicals and oxidative stress has been found
to be involved as factors in development of a
large number of diseases (Gambhir et al. 1997).

Majority of diseases caused by the oxidative
stress involves generation of not only ROS but
also nitrogen reacting species (NRS) including
free radicals (Beckman and Ames 1998;
Gutteridge and Halliwell 2000). Besides having
an important role in intra- and extracellular sig-
nalling, these reactive molecular species may
start damaging metabolic reactions (Halliwell
1999). It has been found that oxidative stress may
be responsible for biochemical events that results
in the cancer formation such as activation of oxi-
dative DNA damage and alternations in intracel-
lular signal transduction (Allen and Tresini 2000;
Martin and Barett 2002). Environmental sources
such as ultraviolet irradiation, ionising radiations
and pollutants also produce ROS (Halliwell
1997), and injured cells and tissues can activate
the production of free radicals (Spiteller 2001) in
plants. ROS can be formed in foods via lipid oxi-
dation and photosensitisers exposed to light (Boff
and Min 2002). In biological systems, ROS can
be formed by pro-oxidative enzyme systems,
lipid oxidation, irradiation, inflammation, smok-
ing, air pollutants and glycoxidation (Steif 2003).
As the plants are exposed to different environ-
mental conditions such as biotic and abiotic



stresses including pathogens attack which results
in the enhanced production of ROS in plants due
to breakdown of cellular homeostasis (Srivastava
and Dubey 2011). When the cell is said to be in a
state of oxidative stress and the ROS level is
enhanced considerably in response to environ-
mental stresses, it results in the lipid peroxida-
tion, oxidation of proteins, DNA damage, enzyme
inhibition and activation of programmed cell
death (PCD) pathway that ultimately leads to
apoptosis (Mishra and Dubey 2011). Irrespective
of their destructive activity, ROS are considered
to be the second messengers in the cellular pro-
cess including tolerance to environmental stress
(Yan et al. 2007). Depending upon the equilib-
rium between ROS and antioxidant scavenging
activity that whether ROS act as damaging or sig-
nalling molecules, the equilibrium between ROS
and scavenging activity is very necessary to main-
tain by the cells in order to combat any oxidative
stress. The scavenging activity is achieved by the
antioxidant defence system that comprises enzy-
matic and nonenzymatic antioxidants (Pallavi
et al. 2012). The enzymatic antioxidant defence
system includes superoxide dismutase (SOD),
catalase (CAT), guaiacol peroxidase (GPX),
glutathione reductase (GR), whereas ascorbate
(ASA), glutathione (GSH), carotenoids, tocoph-
erols and phenolics serve as potential nonenzy-
matic antioxidants within the cell (Noctor and
Foyer 1998). Recent studies have reported that the
oxidative stresses in plants system are decreased
by increasing the activity of enzyme of the anti-
oxidant defence system which is only possible by
maintaining an extreme antioxidant activity to
quench the toxic ROS and which in turn increases
the plants tolerance to environmental stress
(Q. Chen et al. 2010). In order to improve the
stress tolerance of crops against environmental
stress, considerable efforts have been made by
developing transgenic lines with altered levels of
antioxidants (Faize et al. 2011). Multiple expres-
sion of antioxidant enzyme than single or double
expression has been found more effective for
developing transgenic plants (Table 1.1) with
enhanced tolerance to environmental stresses
which in turn results in the increased crop produc-
tivity in agriculture (Lee et al. 2007).
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1.4.1 Types of ROS, Their

Generation and Effects

ROS are generated at various cellular compartments
in the cell like chloroplast, mitochondria, plasma
membrane, peroxisomes, apoplast, endoplasmic
reticulum and cell walls under both stressed
and unstressed cells (Fig. 1.5). Reactive oxygen
species can be classified into oxygen-centred
radicals and oxygen-centred non-radicals.
Oxygen-centred radicals are superoxide anion
(05 ), hydroxyl radical ("OH), alkoxyl radical
(RO’) and peroxyl radical (ROOQO®), whereas
oxygen-centred non-radicals are hydrogen
peroxide (H,0,) and singlet oxygen ('O,). Other
ROS are nitrogen-containing species such
as NO® and nitric dioxide (NO,) and per-
oxynitrite (OONO") (Simon et al. 2000; Huang
et al. 2005).

These ROS are generated due to the leakage of
electrons onto O, from the electron transport
chain or as an output of several biochemical path-
ways localised in various cellular compartments.
These are five possible species: superoxide anion
radical (O) ), hydroperoxyl radical (HOZ) ,
peroxide ion (HO;), hydrogen peroxide (H,0,)
and hydroxyl radical (OH).

0,—0,"
0,”—H,0,
H,0,—F/% 5 *OH+OH"

The O; and H,O, so formed in presence of
metal catalyst such as Cu*/Fe?* may lead to for-
mation of most reactive "OH. Synthesis of O
and H,0, leads to the generation of *OH which
oxidises lipids and results in lipid peroxidation
(Chessman and Slater 1993). A study described
the role of H,O, 'O, O and the products of
lipid peroxidation signalling molecules in the
processes of stress signalling transduction in
plants and also suggests that the redox regula-
tors such as protein kinases/protein phospha-
tases and transcription factors play a critical
role in the functioning of ROS-dependent sig-
nalling system in the plants (Kreslavski et al.
2012). Some of the reactive oxygen species are
briefly discussed below:
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Table 1.1 Genetic engineering approaches to achieve cold tolerance by over expression of antioxidant enzymes

Enzyme Reaction catalysed

Super oxide dismutase 0,7+0,"+2H* < 2H,0+0,

(SOD)

Catalase (CAT) 2H, 0, & 2H, 0+0,

Glutathione reductase (GR) NADPH + GSSG < NADP
+2GSH

Dehydro-ascorbate reductase AA+H, O, & DHA +2H,0

(DHAE)

Ascorbate peroxidase (APX)

Cell wall

~ Endoplasmic
reticulum

ROS

y

Mitochondria

Peroxisome Apoplast

Chloroplast

Fig. 1.5 Sites of production of reactive oxygen species
(ROS) in plants

14.1.1 '0,
In the reaction centre of photosystem II, the
highly reactive 'O, can be generated via triplet

Transgenic plant against
cold stress

Cu/Zn SOD from Pisum
sativum to Nicotiana

Fe-SOD from A. thaliana
to Medicago sativa

Mn-SOD in Gossypium
hirsutum

Rice (Oryza sativa)
Tobacco (N. tabacum)
From A. thaliana to
Gossypium hirsutum
From human to Tobacco
(N. tabacum)

Tobacco (N. tabacum)

From Pisum sativum
to Gossypium hirsutum

From Spinacia oleracea

References
Gupta et al. (1993)

McKersie et al. (2000)
Payton et al. (2001)

Matsumura et al. (2002)
Le Martret et al. (2011)

Payton et al. (2001) and
Kornyeyev et al. (2003b)

Kwon et al. (2003)

Le Martret et al. (2011)

Kornyeyev et al. (2001,
2003a, b)
Yabuta et al. (2002)

to N. tobaccum

From Pisum sativum to
Lycopersicum esculentum

Wang et al. (2005)

Tomato (Lycopersicum Sun et al. (2010)

esculentum) StAPX gene
in Tobacco (N. tabacum)

chlorophyll (Chl) production in the antenna system
in the presence of light (Krieger-Liszkay 2005).
The Chl triplet state can react with 30, to give up
very highly reactive ROS'O,

Chl— 3 ch]
Chl+' O, ——Chl+' O,

10, formed thus reacts with biomolecules and
directly leads to the oxidation of proteins, unsatu-
rated fatty acid and DNA (Wagner et al. 2004). It
causes nucleic acid modification by reacting with
deoxyguanosine (Kasai 1997). It is also found to
be highly responsible ROS which may trigger
cell death (Krieger-Liszkay et al. 2008). 'O, can
be quenched by nonenzymatic antioxidant or
with D1 protein of photosystem II (Krieger-
Liszkay 2005).

1.4.1.2 O
The oxygen radicals are highly reactive, produc-
ing hydrogen peroxides with enes and dienes
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(Salim 1987). Moreover few particular amino
acids such as histidine, methionine and trypto-
phan can be oxidised to O; (Knox and Dodge
1985), will cause lipid peroxidation in a cellular
environment and lead to the disruption of cell
membrane (Halliwell and Gutteridge 1989). By
the process of enzyme or metal catalysed reac-
tions a primary ROS O] is formed in the cell
which in turn starts a chain of reactions to gener-
ate “secondary” ROS (Valko et al. 2005) depend-
ing upon the type of cell or cellular components.
O; is a moderate reactive nucleophilic reactant
species which is short-lived ROS having both
oxidising and reducing properties (Halliwell
1997). It causes the oxidation of enzymes con-
taining 4fe-4s clusters and reduces cytochrome C
(McCord et al. 1977).

1.4.1.3 H,0,

It is formed when O] accepts one electron and
two protons. Nonenzymatic or SOD-catalysed
reaction can easily dismute to H,O, (hydrogen
peroxide)

207 +2H'——H,0, +0,
20+2H'——H,0, +0,

H,0, is produced easily in the cells under
normal or stressful condition such as drought,
chilling, UV irradiation, exposure to light,
wounding and pathogen attacks. H,O, is gener-
ally produced during electron transport chain of
chloroplast, mitochondria, ER and plasma mem-
brane or by p-oxidation of fatty acid and photo-
respiration. H,0, is moderately reactive and
long-lived molecule (Mittler and Zilinskas
1991). Besides other types of free radicals, H,O,
can easily cross the membrane and lead to the
oxidative damage in the cell. It is beneficial as
well as relatively stable than the molecules
which are associated with H,0, in the regulation
of particular metabolic processes and activate
the defence system in plants (Yan et al. 2007).
High concentration of H,O, can inactivate the
enzymes involved at a specific level, and the
enzymes lose 50 % of their activity (Dat et al.
2000). It also causes oxidation of protein
enzymes and transcription factor and also
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triggers programmed cell death. It has been
found that transgenic plants with increased lev-
els of H,O, due to the constituent overproduction
of glucose oxidase or suppression of peroxi-
somal catalase were more resistant to pathogen
accumulated SA and expressed PR genes and
protein (Chammongpol et al. 1998). Pretreatment
of maize seedling with H,O,, a SOD-generating
compound that activates tolerance to chilling
(Prasad et al. 1994). Plants regenerated from
potato nodal explant treatment with H,O, are
found to be more resistant to temperature than
the controlled plants (Lopez- Delgado et al.
1998). A recent study indicates that H,O, pro-
motes seed germination of various plants such as
Arabidopsis thaliana, Hordeum vulgare, Oryza
sativa, Triticum aestivum and Helianthus annuus
(Yushi et al. 2013).

1.4.1.4 OH

OH is the most highly reactive molecule amongst
all ROS. It has a single unpaired electron; thus, it
can react with oxygen in triplet ground state.
“"OH interacts with all biochemical molecules
and causes extensive cellular damages such as
lipid peroxidation, DNA and protein damage and
membrane disruption (Foyer et al. 1997).
As cells do not exhibit any defence system to
abolish "OH and thus its excess generation sub-
sequently leads to apoptosis (Pinto et al. 2003).
"OH is produced under illumination, via Fenton
reaction at the active site of the enzyme (RbcL)
which results in its breakdown in chloroplast
lysates (Luo et al. 2002). "OH involves two
essential reactions, viz. addition of "OH to
organic molecules or elimination of hydrogen
atom from it. As "“OH are short-life period mol-
ecules having an extensive positive redox poten-
tial (close to +2V) of “free” "OH, the sites at
which they react are nearer to the point at which
they are formed (Elstner 1982). In this context,
organic oxygen radicals such as alkoxy, peroxy,
semiquinones, reduced hydrogen peroxide and
hydrogen peroxide-electron donor complexes
(crypto-OH), as well as metallo-oxygen com-
plexes, have been described as the ultimately
active species despite destructive-free "OH
(EF Elstner 1987).
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1.4.2 ROS as Second Messenger
in Plants

ROS has been involved as a second messenger in
intracellular signalling cascade as they activate
various response in plants cells which includes
tolerance to biotic and abiotic stresses (Miller
et al. 2008), gravitropism (Jung et al. 2001),
stomatal closure (Yan et al. 2007) and pro-
grammed cell death (PCD) (Mittler 2002). It has
also been found that ROS mediates the hormonal
response in plant as second messenger (Fig. 1.6).
With the help of some redox-sensitive proteins,
calcium mobilisation, protein phosphorylation
and gene expression, the plant analyses transduce
and allocate ROS signals into appropriate
responses. ROS can be directly sensed by tyro-
sine phosphate signalling proteins (Xiong et al.
2002). Many component activities can be modu-
lated by ROS and also interacts with other signal-
ling molecules that regulate the response of
downstream ROS by the pathway that forms a
part of the signalling network (Neill et al. 2002).
Miller and co-workers, using a mutant deficient

in key ROS-scavenging enzymes, isolate a
signalling pathway that is stimulated by the syn-
thesis of ROS in the cells (Miller et al. 2008), and
the important molecules implicated in this path-
way are zinc finger proteins, WRKY transcrip-
tion factors, that mediate the abiotic stresses
which include temperature, salinity and osmotic
stresses. ROS are referred to as the second mes-
senger in the abscisic acid (ABA) transduction
mechanism in guard cells (Yan et al. 2007). The
plasma permeable channel reduces, which ulti-
mately loss to mediate stomatal closure signal
which is induced by ABA (Pel et al. 2000). It has
been found that the constitutive increase of H,O,
is induced by ABA functions in stomatal closure
(Jannat et al. 2011). The biosynthesis of drought-
induced abscisic acid in plants by ROS plays an
important role and suggests that they may be the
signals through which the plant can “sense”
drought conditions. The metals Cd** and Cu*
induce activation of MAPK through ROS-
generating system by using pharmacological
inhibitors (Yeh et al. 2007). ROS can also func-
tion as second messenger in root gravitropism.
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Joo et al. proposed that the mobilisation of auxin
in plants by gravity stimulates generation of ROS
to mediate gravitropism (Jung et al. 2001). Root
gravitropism is inhibited by the scavenging activ-
ity of ROS by antioxidants (Jung et al. 2001).
ROS is also involved in dormancy alleviation,
and under normal conditions, gibberellic acid
(GA) signalling and ROS content are lower in
dormant barley grains under controlled condi-
tion. A pronounced effect has been found on GA
signalling by exogenous H,0, but does not have
any effect on ABA biosynthesis and signalling
and results in germination by activating a change
in hormonal balance (Bahin et al. 2011). ROS
have been found to play a critical role in pro-
grammed cell death in barley aleurone cells that
are activated by GA. One of the studies has
revealed that ROS are constituents of the hor-
monally mediated cell death mechanism in bar-
ley aleurone cells by observing that GA-treated
aleurone protoplasts are less resistant to inter-
nally generated or externally applied H,O than
ABA-treated protoplasts (Bethke and Jones
2001). Increased generation of ROS is observed
in the early onset of plant-pathogen communica-
tion and plays an essential signalling role in the
pathogenesis of signal transduction regulators
(Nanda et al. 2010). In HR, SA is thought to be
potential ROS signalling molecules (Klessig
etal. 2000). Expression of a salicylate hydroxylase
(NahG) gene of transgenic Arabidopsis that is
resistant to the increased osmotic stress may
result from the reduced SA-stimulated produc-
tion of ROS (Borsani et al. 2001). In response to
wounding the ROS are found to act as second
messenger for the activation of defence genes in
tomato plants (Orozco-Cardenas et al. 2001). In
the leaves of tomato, ROS were produced close to
the cell wall of vascular bundle cells in response
to wounding and lead in the generation of H,0,
from wounding inducible polygalacturonase that
acts as a second messenger for the activation of
defence genes in mesophyll cells but not for sig-
nalling pathway genes in vascular bundle cells
(Orozco-Cérdenas et al. 2001). Lignin plays a
key role in mediating defence responses of plants
to environmental changes. Through the interac-
tion between jasmonic acid and ROS, a metabolic
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network that facilitates the plants to stimulate the
accumulation of lignin in response to damage of
cell wall has been recently characterised (Denness
et al. 2011). ROS also plays an important role in
heavy metal signal transduction pathway (Yan
et al. 2007). ROS upregulates the genes impli-
cated in osmotic stress signalling that include
transcription of DREB2A and a histidine kinase
(Desikan et al. 2001). It has been revealed that
MAPK AtMPKG6 can be stimulated by low tem-
perature in Arabidopsis cell cultures and osmotic
stress could also be activated by oxidative stress
(Yuasa et al. 2001).

1.4.3 Adverse Effects of ROS

The production of ROS is a biochemical process
due to oxidative metabolism of the cell. A serious
imbalance between ROS formation and antioxi-
dants levels causes oxidative stress. Oxidative
stress is caused by the presence of low levels of
antioxidant or by the increased production of
ROS by environmental stresses such as salinity,
drought, pathogen attacks and toxicity due to
heavy metal (Halliwell 1997). Extensive forma-
tion or inadequate removal of ROS results in oxi-
dative stress which may cause various metabolic
malfunctions and extreme damage to biological
macromolecules (Chopra and Wallace 1998).
Oxidative stress leads to the production of
extremely reactive oxygen species that are lethal
to the cell, specifically the cell membrane in
which these reactive molecules intercommuni-
cate with lipid bilayer and generate lipid perox-
ides. The oxidative stress causes enzyme
inhibition, damage to protein synthesis, DNA-
strand breakage and lipid peroxidation (Fig. 1.7)
that finally leads to apoptosis (Devasagayam
et al. 1999).

1.4.3.1 Lipids

The oxidative deterioration of membrane lipid is
called lipid peroxidation LPO (Horton and
Fairhurst 1987). Lipid in biological systems
undergoes autoxidation through a cascade of
reactions involving three steps: initiation, propa-
gation and termination. The first step involves
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lipid peroxidation which is initiated by the reaction
of an activated free radical such as singlet oxygen
('0,, O, or "OH) with a lipid substrate (LH) to
produce extremely reactive carbon-centred lipid
radical ('L). In the second step of LPO, molecular
oxygen adds quickly to generate lipid peroxyl
radical (LOO"). The LOO’ eliminates a hydrogen
atom from another lipid molecule (LH), generat-
ing lipid hydroperoxide (LOOH) and another
extremely reactive carbon-centred radical (L°)
which then elongates the chain reaction, and the
third step involves termination of lipid peroxida-
tion that occurs through coupling of any two radi-
cals to form non-radical products (NRP). NRP
are stable but not able to propagate lipid peroxi-
dation reactions (Porter et al. 1995). Transition
metal ions such as copper and iron are essential
in LPO (Fig. 1.8). Besides increasing the genera-
tion of initiating hydroxyl radicals, ferrous (Fe?*)
and ferric (Fe**) can catalyse the elongation of
LPO chain by degrading LOOH. The resulting
alkoxyl (LO") and peroxyl (LOO") radicals are
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able to induce new radical chains by interacting
with additional lipid molecules.

Lipid peroxidation (LPO) of the cell membrane
has been implicated in a number of physiological
processes such as increased membrane rigidity,
reduced cellular deformity and lipid fluidity in
erythrocytes (Matkovics et al. 1998). When ROS
formation crosses the equilibrium level in both
cellular and organellar membranes, lipid peroxida-
tion takes place spontaneously which results in
affecting normal cellular functioning. Lipid per-
oxidation results in the generation of lipid free
radicals that interacts with biomolecules and leads
to the damage of proteins and DNA. It has been
found that in plants under stressed condition,
increased degradation of lipids takes place along
with enhanced generation of ROS (Mishra and
Dubey 2011). Malondialdehyde (MDA) one of
the lipid oxidation by-products is responsible
for the damage of cell membrane (Halliwell 1989).
The polyunsaturated fatty acid present in phospho-
lipids is very sensitive to ROS attack.
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Fig. 1.8 Overview of lipid per-oxidation (Waldeck and
Stocker 1996)

1.4.3.2 Proteins

There are direct and indirect effects of ROS on
proteins which results in the alteration in various
ways. Direct modification of protein activity
takes place through nitrosylation, carboxylation,
disulphide bond formation and glutathionylation,
and the indirect modification takes place through
conjugation with breakdown products of fatty
acid peroxidation (Yamauchi et al. 2008). Extreme
generation of ROS and modified electric charge
elevates the sensitivity of proteins to proteolysis.
Oxidative stress causes injury to tissues which
generally contain high concentration of carbonyl-
ated proteins, commonly used markers of protein
oxidation (Moller and Kristensen 2004). The
plants under stress result in enhanced modifica-
tion of proteins (Tanou et al. 2009). Oxidation of
iron-sulphur centres by O) is invariable and
results in the suppression of enzyme (Gardner
and Fridovich 1991). Due to metal treatment,
oxidised proteins were more effectively decom-
posed and the proteolytic activity increased
by 20 % (Romero-Puertas et al. 2002). Several
studies have described that more increase in dam-
age leads to the inactivation of protein enzymes
(Grune et al. 1997).

1.4.3.3 DNA

ROS contributes as a major source of DNA dam-
age (Imlay and Linn 1988). DNA is the genetic
material of the cell, and damage to the DNA can
lead to the malfunctioning of many important
proteins. The oxidative damage caused by ROS
particularly hits nuclear, mitochondrial and
chloroplastic DNA. The attack of ROS on DNA

B. Malik et al.

results in the strand lesions, sugar oxidation,
elimination of nucleotides and DNA protein
interlinks. Moreover alteration in the nucleotides
on both the strands results in subsequent muta-
tions. Environmental stresses such as salinity
(Liu et al. 2000) and metal toxicity (Meriga et al.
2004) lead to the enhanced degradation of DNA
in plants. Both the sugar and base components of
DNA are more sensitive to oxidation by ROS.
Mutagenic alteration can be caused by the attack
of ROS on DNA (Fink et al. 1997). ROS attack to
DNA sugar leads to strand breakage (Evans et al.
2004). Because of the absence of shielding pro-
teins, histones and near location of ROS, nuclear
DNA was less sensitive to oxidative stress than
mitochondrial and chloroplastic DNA (Richter
1992). Extensive alterations induced by ROS
result in the unaltered changes of DNA with
extreme effects for the cell, despite the repairing
system is already present for the destructed DNA.

1.4.4 Defence Mechanism in Plants

Oxidative stress generated during pathophysio-
logical conditions may be effectively neutralised
by enhancing the cellular defences in the form
of antioxidants (Devasagayam et al. 1999).
Antioxidants are a group of substances, when
present at low levels, in relation to oxidisable
substrates, considerably suppress or delay oxida-
tive processes, while often being oxidised them-
selves. The content of protective antioxidants
present under normal metabolic conditions is suf-
ficient only to combat with physiological rate of
free radical production. It is obvious, therefore,
that any additional burden of free radicals from
environment or generated within the body can
disrupt the free radical (pro-oxidant) and anti-
free radical (antioxidant) balance (Davies 1995).
Depending upon their mechanisms of action,
antioxidants act in two different ways as radical
chain breaking antioxidants and preventive anti-
oxidants. Several compartments of antioxidative
defence mechanism that have been implicated in
ROS quenching activity have been altered, over-
expressed or downregulated that adds to the cur-
rent information and understanding the role of
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the antioxidant defence mechanisms. The defence
mechanism of plant system comprises of enzy-
matic and nonenzymatic defence systems shown
as follows:
1.4.4.1 Nonenzymatic Defence

System

The nonenzymatic defence system includes the
major cellular redox buffer ascorbate (ASA) and
glutathione (GSH) as well as tocopherols, carot-
enoids and phenolic compounds. They have a
crucial role in defence and as enzyme co-factor,
as they interact with many cellular components;
these antioxidants influence the plant growth and
development by regulating process from mitosis
and cell elongation to senescence and apoptosis
(De Pinto and De Gara 2004). It has been found
that the mutants with decreased nonenzymatic
antioxidant content are hypersensitive to stress
(Semchuk et al. 2009).

Ascorbate (ASA)

ASA is the most commonly found, low molecu-
lar weight antioxidant that plays an essential role
against oxidative damage caused by the increased
production of ROS. It has the capability to donate
electrons in a wide variety of enzymatic and non-
enzymatic reactions. It has also played a key role
in plant growth, differentiation and metabolism.
Ascorbate exists in diverse plant cell types,
organelle and apoplast (Smirnoff et al. 2004).
Ninety percent of ASA is localised in cytoplasm
but majority is present in apoplast. It has been
found that apoplastic ASA shows basal defence
against external oxidants (Barnes et al. 2002).
ASA also functions as a co-factor of violaxanthin
de-epoxidase when present in reduced state in
chloroplast thus sustaining the dispersion of exten-
sive excitation energy and also protects macro-
molecules from oxidative damage (Smirnoff
2000). It directly reacts with O} , H,0, and gen-
erating o-tocopherols and preserves the activity
of enzymes (Noctor and Foyer 1998) and also
provides protection to membranes. ASA plays a
crucial function by eliminating H,0O, through
AsA-GSH cycle (Pinto et al. 2003). It has been
observed that the content of ASA depends on the
balance between the rate and capacity of ASA

accumulation and output of antioxidant demand
under stress conditions (Chaves et al. 2002).
Overexpressing of enzymes that have been impli-
cated in ASA accumulation results in abiotic
stress resistance in plants. In tomato plants, over-
expression of two members of the GME gene
family leads to the elevated biosynthesis of ascor-
bate and resistance to abiotic stress (Zhang et al.
2011). A recent study has observed that the over-
expression of strawberry D-galacturonic acid
reductase in potato plants results in the biosyn-
thesis of ASA and increase abiotic stress resis-
tance (Hemavathi et al. 2009). Similarly stress
tolerance in Arabidopsis has been shown by
increased content of ASA (Wang et al. 2010).
The Vtc-1 mutant has shown high susceptibility
to supplementary UV-B treatment than wild
type (Gao and Zhang 2008) as it lacks the
function of GDP-mannose pyrophosphorylase
(Wheeler et al. 1998).

Glutathione

y-Glutamyl-cysteinyl-glycine (GSH) is a low
molecular weight nonprotein thiol playing an
essential role in combating oxidative stress
mediated by ROS. It is virtually present in cyto-
sol, chloroplast of ER, vacuoles and mitochon-
dria (Foyer and Noctor 2003). Cellular redox
state was maintained by balancing the GSH
and glutathione disulphide (GSSH). GSH
plays an important role due to its reducing
power in many biological processes, including
signalling, conjugation of metabolites, enzy-
matic regulation, accumulation of proteins and
nucleic acid and the expression of stress respon-
sive genes (Foyer et al. 1997). It acts as a
scavenger because it chemically reacts with
O, , "OH and H,0,. GSH can protect proteins,
lipids and DNA either by the generation of
adducts or by functioning as proton donor in
the presence of ROS yielding GSSH (Asada
1994). Plants under various stresses like salin-
ity (Hefny and Abdel-Kader 2009), chilling
(Radyuk et al. 2009) and metal toxicity (Mishra
and Dubey 2011) have been found that altered
ratios of GSH/GSSH are present. In the GSH
biosynthesis, the overexpression of enzyme
glutathione synthetase is unable to show an
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impact on GSH formation and observed that it
was incapable to induce ozone resistance
(Strohm et al. 1999) and resistance to photo
inhibition (Foyer et al. 1995) in hybrid proteins.
Overexpression of y-ECS results in less suscep-
tibility towards cadmium stress in Indian mus-
tard (Zhu et al. 1999) and increased resistance
towards chloroacetanilide herbicide in polar
plants (Gullner et al. 2001). With the high level
of reduced glutathione in transgenic potato, it
results in higher protection against oxidative
damage stimulated by several abiotic stresses
(Eltayeb et al. 2010).

Tocopherols

Different types of a-, f-, y- and &-tocopherols
belong to a group of lipophilic antioxidants
implicated in oxygen free radical, lipid peroxyl
radicals and 'O,-scavenging activity (Diplock
et al. 1989). Amongst tocopherols a-tocopherols
contain the highest antioxidant activity (Kamal-
Eldin and Appelqvist 1996). The main function
of tocopherols is to protect lipids and other mem-
brane compartments and hence defend the struc-
ture and function of PSII by metabolically
scavenging and biochemically reacting with
chloroplast O, (Ivanov and Khorobrykh 2003).
Accumulation of a-tocopherols in different plant
species found to activate resistance to chilling,
water deficit and salinity (Bafeel and Ibrahim
2008). One of the studies has described that
expression level of genes encoding enzyme of
AsA-GSH cycle were stimulated, viz. APX,
DHAR and MDHAR (Li et al. 2010a). Transgenic
rice plant with Os-VTE1 RNA interference show
high susceptibility to salt stresses, while as in
transgenic plants overexpressing Os-VTEI1
results in extreme resistance to salt stress (Ouyang
et al. 2011).

Carotenoids

Carotenoids also represent a group of lipophilic
antioxidant that is able to remove several types of
ROS (Young 1991). Carotenoids as an antioxi-
dant quench 'O, to suppress oxidative stress.
Carotenoids also act as precursors to signalling
molecules that controls plant development and
abiotic/biotic stress response (Li et al. 2008).
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It has been found that extreme carotenoids
amount shows good adjustment of sugar cane
plants under salinity stress (Gomathi and
Rakkiyapan 2011).

Phenolic Compounds

Phenolic compounds are varied secondary
metabolites  (flavonoids, tannis, hydroxyl-
cinnamate esters and lignin) which exhibit anti-
oxidant activity and found in plant tissues (Grace
and logan 2000). Polyphenols contain an aro-
matic ring with "OH or OCHj; substituent that
acts synergistically which contributes to their
metabolic functions including antioxidant activ-
ity. Polyphenols also change lipid packing order
and reduce membrane permeability (Arora et al.
2000). In response to different stresses, there are
evidences for the activation of phenolic metabo-
lism in plants (Michalak 2006). It has been
observed that ROS might involve in the biosyn-
thesis of total phenolic compound in dark-grown
lentil roots (Janas et al. 2009); with increased
amount of flavonoid concentration, the trans-
genic potato plant showed higher antioxidant
activity (Lukaszewicz et al. 2004).

Proline

a-Amino acid is an antioxidant and potential
inhibitor of programmed cell death. It has been
suggested that free proline acts as osmoprotectant,
a protein stabiliser, a metal chelator, an inhibitor
of lipid peroxidation and OH" and 'O, scavenger.
Increased proline accumulation appears espe-
cially during salt, drought and metal stresses
(Trovato et al. 2008). Thus, proline is not only an
essential signalling molecule but also an efficient
ROS scavenger. It has been found that the impor-
tant role of proline is in potentiating pentose-
phosphatase pathway activity as essential
compartment of antioxidative defence system
(Hare and Cress 1997).

1.4.4.2 Enzymatic Defence System

The enzymatic components of the antioxidant
mechanism that includes various antioxidant
enzymes such as superoxide dismutase (SOD),
catalase (CAT) and glutathione reductase (GR)
(Noctor and Foyer 1998) (Fig. 1.9).
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Fig. 1.9 ROS and
enzymatic antioxidant
defense mechanisms
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Superoxide anion is a reduced form of molecular
oxygen evolving by receiving an electron.
Superoxide anion an initial free radical plays an
essential role in the generation of reactive oxygen
species in biological systems (Steif 2003). SOD
converts superoxide anion into hydrogen peroxide
and oxygen. There are three types of SOD: a
Mn-containing SOD, a Cu/Zn-dependent SOD
and extracellular SOD (Racchi et al. 2001). SOD
plays a critical role in defence mechanism against
oxidative stress in all aerobic organisms
(Scandalios 1993). Mn-SOD is localised in chlo-
roplast (Jackson et al. 1978), and Cu/Zn SOD is
found in cytosol, chloroplast, peroxisomes and
mitochondria (Del Rio et al. 1998). Due to drought
and metal toxicity, the activity of SOD has been
found to enhance in the plants (Mishra et al. 2011)
and has been found often mutually related with
elevated resistance of plants to environmental
stresses. SOD can be used as an indirect selection
criterion for screening drought-resistant plant
material (Zaefyzadeh et al. 2009). Increased oxi-
dative stress resistance in plants has been reported
by the overproduction of SOD (Gupta et al. 1993).

Catalase

Catalase, a tetrameric enzyme, is localised
mainly in peroxisomes, while reduced levels
also exist in mitochondria and cytosol. The
human erythrocytes are rich in catalase (Aebi
1983). Catalase is involved in cellular detoxifi-
cation and converts H,0, to water and oxygen.
Catalase protects cells from H,0, production
within them. Although catalase is not crucial for
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some cell types under normal conditions, it plays
a critical role in developing resistance to oxida-
tive stress in adaptive response of cells (Grazioli
et al. 1998). Amongst antioxidant enzymes, cata-
lase (CAT) was the first enzyme to be character-
ised. CAT has extreme specificity for H,O, but
less activity against organic peroxides. CATs are
rare enzymes as they do not need cellular reduc-
ing equivalent, and plants exhibit various types
of H,0O, decomposing enzymes. CAT exhibits
less affinity for H,O, than APX but higher turn-
over rate. During photorespiratory oxidation,
CAT scavenges H,O, further p-oxidation of fatty
acid and other enzymes such as XOD coupled
SOD (Corpas et al. 2008). One report proposed
grouping of CAT's based on the expression pro-
file of tobacco genes. Class I CATs are mediated
by light and expressed in photosynthetic tissues,
Class II CATs are expressed in vascular tissues,
whereas Class III CATs are expressed in seeds
(Willekens et al. 1995). H,0O, is degraded by
CAT in an energy efficient manner (Mallick and
Mohn 2000). It has been found that environmen-
tal stress either enhanced or reduced activity of
CAT depending on the magnitude of strength
and type of stress (Moussa and Abdel-Aziz
2008). Stress analysis has described that
enhanced sensitivity of CAT-deficient plants to
paraquat salt and ozone but not chilling
(Willekens et al. 1997). CAT is crucial for regu-
lating the redox balance during oxidative stress
that is indicated by CAT activity which shows
biosynthesis of GSSH and a 4-fold reduction in
ASA in transgenic tobacco plant having 10 %
wild type (Willekens et al.1997). A CAT gene
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isolated from Brassica juncea introduced and
overexpressed in tobacco plants increased its resis-
tance to cd-induced oxidative stress (Guan et al.
2009). Catalase was found to be receptor and when
SA binds it inactivates CAT. Catalase inactivation
results in H,O, synthesis, which was shown to act
as a secondary messenger to stimulate pathogen-
related (PR) gene (Chen et al. 1993). By using the
sense and antisense technology in transgenic
Nicotiana lines (CATIAS), only 10 % of the resid-
ual catalase activity was retained (Chamnongpol
et al. 1996). In Arabidopsis thaliana, Nicotiana
plumbaginifolia, Oryza sativa and Zea mays,
cDNAs that code for three different classes have
been isolated (Frugoli et al. 1998). N. plumbagini-
Jfolia contains three active catalase-encoding genes
(catl, cat2, cat3); two of which are expressed in
mature leaves (Willekens et al. 1994). Increased
susceptibility against ozone and salt stress of the
CATIAS plants indicates that catalase activity is
crucial for cellular defence against the environ-
mental stress that cause H,0, generation from
photorespiration (Willekens et al. 1997). It has
been found that in Arabidopsis mutants, phyto-
alexin biosynthesis in parsley cell suspension and
lesion formation is particularly activated by SOD
not by H,O, (Jabs et al. 1996). There is spontane-
ous reduction in CAT1, CAT2 transcript and pro-
tein levels and decrease in total catalase action
which is correlated with the accumulation of H,O,
in the tobacco cells that sustains HR upon infiltra-
tion with fungal elicitors (Dorey et al. 1998).

Glutathione Reductase

Glutathione peroxidase is an essential hydrogen
peroxide-removing enzyme present in the mem-
branes. Glutathione disulfide reductase, a flavo-
protein, allows the transformation of oxidised
glutathione (GSSG) to reduced glutathione (GSH)
by oxidation of NADPH to NADP* (Papas 1999).

20 +2H' —% H,0, +0,
2H,0,—%T52H,0, +0,
2GSH +H,0,GP,——GSSG +2H,0
GSSG+NADPH + H* —%52GSH + NADP*

Superoxide anion itself is not a strong oxidant,
but it reacts with protons in water solution to
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form hydrogen peroxide, which then serves as
substrate for the production of highly reactive
species such as hydroxyl radicals and singlet
oxygen (Steif 2003). As an antioxidant GR plays
an essential role in enzymatic as well as nonenzy-
matic redox cycle in which oxidation of GSH to
GSSH takes place. GR represents a group of fla-
voenzymes and exhibits an important disulphide
group (Ghisla and Massey 1989). Two steps
involved in catalytic mechanism of GR, viz. (1) the
moiety is reduced by NADPH and (2) reduction
of GSSH via thiol disulphide interchange reac-
tion (Ghisla and Massey 1989). It is present in
chloroplast, cytosol, mitochondria and peroxi-
somes, and 80 % of GR activity is found to be
present in photosynthetic tissues and chloroplast
isoforms (Edwards et al. 1990). Environmental
stresses increase the activity of GR (Maheshwari
and Dubey 2009), and it has been found that
antisense-mediated depletion of tomato chloro-
plast GR has been shown to enhance susceptibil-
ity to chilling (Shu et al. 2011). Extreme amount
of foliar ASA and increased resistance to stress
have been shown by overexpression of the GR in
N. tobacco and populous plant (Foyer et al.
1995). As the ROS detoxification system is very
complex, it has been observed that overexpress-
ing of antioxidant defence system may not
change the capability of the entire pathway (Lee
et al. 2009). Several studies have shown that in
transgenic plants the overexpression of combi-
nation of antioxidant enzymes has synergistic
effect on stress resistance (Kwon et al. 2002).
Overexpression of genes of SOD and APX in
chloroplast, (Kwak et al. 2009) SOD and CAT
in cytosol (Tseng et al. 2008) and SOD and GR in
cytosol (Aono et al. 1995) has been shown to
result in increased resistance to different environ-
mental stresses. It is important to note that much
importance is now given to generate transgenic
plants with overexpression of different types of
antioxidants for achieving resistance in order to
combat environmental stresses.

Guaiacol Peroxidase

Guaiacol peroxidase, a haeme-containing pro-
tein, is commonly found in microbes, plants and
animals and is mostly oxidised by guaiacol and
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pyrogallol electron donors at the cost of hydrogen
peroxide. It has been found that guaiacol (anionic)
peroxidase exhibits about 90 % of peroxidase
activity in plants (Foyer et al. 1994). This haeme-
containing protein is found to be involved in the
accumulation of lignin and suppression in the
formation of indole-3-acetic acid (IAA) and pro-
vides defence system against pathogen that
inhales H,O, (Kobayashi et al. 1996). It has been
revealed that several isoenzymes of GPX are
found to be present in tissues that are mobilised
in vacuoles, the cell wall and the cytosol of the
plant (Asada 1992). It has been found that
GPX plays an efficient role by scavenging of O,
and peroxyl radical under stressful conditions
and commonly termed as ‘“stress” enzyme
(Vangronsveld and Clijsters 1994). In response to
biotic and abiotic stresses, there is a rapid stimu-
lation of GPX activity in plants (Moussa and
Abdel-Aziz 2008). One of the studies carried out
by Radotic et al. (2000) suggested that during
oxidative stresses in response to metal toxicity,
GPX can be used as biomarker for not so lethal
toxicity of metals in plants by correlating
increased activity of GPX. Current studies have
described that GPX exhibits an essential role
against salt resistance of safflower plants which
is increased by increasing the GPX activity in the
plants (Tayefi-Nasrabadi et al. 2011).

1.4.4.3 Enzymes of Ascorbate-
Glutathione Cycle

In the cell, there is change in the ratio of AsA to
DHA and GSH to GSSG which is critical state
for the cell to identify oxidative stress and func-
tions in an appropriate manner. The AsA-GSH
cycle also termed as Halliwell-Asada pathway is
the recycling pathway of AsA and GSH produc-
tion which also eliminates H,O, and is present in
four different subcellular locations, including the
cytosol, chloroplast, mitochondria and peroxi-
somes (Jiménez et al. 1997). The AsA-GSH
pathway involves extensive redox reactions of
AsA, GSH and NADPH catalysed by the enzymes
APX, MDHAR, DHAR and GR. During environ-
mental stresses AsA-GSH pathway plays an
essential role in overcoming oxidative stress
(Sharma and Dubey 2005).
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Ascorbate Peroxidase

Ascorbate peroxidase (APX) is a main component
of AsA-GSH cycle and plays an important role in
mediating internal responses of ROS levels.
It belongs to a class-I superfamily of haeme per-
oxidase (Welinder 1992) and is mediated by
redox signals and H,0O, (Patterson and Poulos
1995). The reaction involves the use of two mol-
ecules of ASA to reduce H,0, to water with a
simultaneous generation of two molecules of
MDHA. APX exists in cytosol, apoplast and
other organelles playing an important role in
scavenging H,0, within the organelle, whereas
cytosolic APX detoxifies H,O, generated in the
cytosol, apoplast or that diffused from organelles
(Mittler and Zilinskas 1992). During stressful
conditions CAT makes APX less effective in
mediating scavenging activity to eliminate H,O,,
whereas isoforms of APX have much higher
affinity for H,O, and are known as one of the
most commonly found antioxidant enzyme in the
plant cell (Wang et al. 1999). Several studies have
observed that in response to abiotic stresses such
as drought, salinity, chilling, metal toxicity and
UV irradiations, the APX activity is accelerated
considerably (Hefny and Abdel-Kader 2009). It
has been found that in transgenic tomato plants,
overexpression of a cytosolic APX gene isolated
from pea decreases the oxidative injury induced
by chilling and salt stress (Wang et al. 2005).
Similarly in Nicotiana tobaccum or Arabidopsis
thaliana, overexpression of tAPX gene increased
resistance to oxidative stress.

Monodehydroascorbate Reductase

In plants, the monodehydroascorbate reductase
(MDHAR) is an enzymatic component of the
glutathione-ascorbate cycle that is one of the major
antioxidant systems of plant cells for the protec-
tion against the damages by reactive oxygen
species (ROS). The MDHAR activity has been
observed in several cell compartments, such as
chloroplasts, cytosol, mitochondria, glyoxy-
somes and leaf peroxisomes, and various isoen-
zymes of MDHAR have been found to exit in
various cellular compartments like chloroplasts
(Hossain et al. 1984). Various studies have
described that during environmental stresses the
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activity of MDHAR is enhanced in plants
(Maheshwari and Dubey 2009). It has been found
that in tobacco, overexpression of Arabidopsis
MDHAR gene results in the increased resis-
tance to salt and polyethylene glycol stresses
(Eltayeb et al. 2007) and similarly in transgenic
Arabidopsis overexpression of tomato chloro-
plastic MDHAR increased its resistance to tem-
perature and methyl viologen-mediated oxidative
stresses (Li et al. 2010a, b).

Dehydroascorbate Reductase
Dehydroascorbate reductase involves in the stim-
ulation of the symplastic and apoplastic ascor-
bate pool size and redox state of the cell. The
reduction of dehydroascorbate to ascorbate is
catalysed by DHAR at the expense of glutathione
in the reaction. Thus, dehydroascorbate reductase
catalyses the regeneration of ascorbate from its
oxidised state and serves as an important regula-
tor of ascorbate recycling. In plants overexpres-
sion of DHAR has been found that guard cells
contain lower levels of H,O, and decreased
responsiveness to H,O, or abscisic acid signal-
ling, which results in higher stomatal opening
(Chen and Gallie 2005). On the contrary, sup-
pression of DHAR expression in guard cells
results in higher levels of H,O, and increased sto-
matal closure under normal growth conditions or
following water deficit. It has been found that
enhanced expression of DHAR results in the
increased resistance to ozone in plants, while
decreased expression of DHAR in plants results
in the reduced rate of CO, assimilation with less
growth and reduced biomass accumulation (Chen
and Gallie 2005). One of the recent studies shows
that overexpression of cytosolic Arabidopsis
AtDHARI results in the enhanced resistance to
herbicide, drought and salt stresses in transgenic
potato plants (Eltayeb et al. 2011).

In addition to the above discussion, NO is one
of the reactive oxygen species that have diverse
functions in plant physiology. NO may be impli-
cated in some of the defence responses mediated
by the reactive oxygen species (ROS) such as
defence gene activation, the hypersensitive cell
death and phytoalexin biosynthesis (Durner et al.
1998). Nitric oxide (NO) is a ubiquitous signal
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molecule that has been implicated in a multiplex
of plant responses to environmental stress. In the
current years, the regulating role of NO on heavy
metal toxicity in plants is realised increasingly,
but knowledge of NO in alleviating aluminium
(Al) toxicity is quite limited. There are many evi-
dences that describe the role of NO in increasing
Al toxicity in plants via activating defence mech-
anism to eliminate reactive oxygen species (Huyi
et al. 2012). It has been suggested that ROS is not
always sufficient to mediate a strong disease
resistance response in plants, and their combina-
tion with NO can act synergistically to activate a
stronger response. Many studies have reported
the isolation of the enzymes that catalase NO
synthesis and its involvement in many process
includes its signalling functions at the molecular
level (Lamotte et al. 2004). However, much infor-
mation has been gaining in understanding the
role of NO in plants over the past decade. NO
functions in many metabolic processes that
include generation, root growth, stomatal closing
and adaptive responses to various environmental
stresses (Delledonne 2005) in plants. Let us
briefly discuss the role of NO in plant signal
transduction and its function together with ROS
in plant immunity.

1.5 Role of Nitric Oxide (NO)
in Plant Signal Transduction

Nitric oxide (NO) is an inducible molecule or
free radical reactive gas which has been found to
be present in animals and other biological sys-
tems that play an essential role in various meta-
bolic processes (Schmidt and Walter 1994). NO
is a small molecule, having short half-life period,
absence of charge and high diffusivity that would
serve as an ideal inter- and intracellular signal-
ling molecule in plant defence mechanisms.
Many experiments suggest that NO is not
generated only from nitrite but can be also pro-
duced from L-arginine (Corpas et al. 2006).
Understanding the pathway, mechanism underly-
ing NO synthesis and signalling activities in
plants is still rudimentary. However, many stud-
ies have shown the essential function of NO as a
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signalling molecule in plant systems. Nitric oxide
(NO) is a reactive radical molecule and during
plant signalling it has been synthesised in
response to biotic and abiotic stresses. During
life cycle of plants, it has been described that
many essential developmental processes that can
be mediated by this inducible molecule which
includes plant growth and development, de-
etiolation and gravitropism response are well
defined. Besides the existing information about
NO, the pathway of NO signalling is not yet fully
elucidated, but there are evidences that explained
the importance of NO as a stimulator of plant
growth and stress is rising significantly. It has
also been found that NO plays a crucial role in
upregulating antioxidant defence system that
contributes to increased resistance against high-
temperature-induced oxidative damage in wheat
(Bavita et al. 2012). In tomato plants it has been
found that the primary root (PR) growth is low-
ered by NO, while lateral root (LR) development
is accelerated (Correa-Aragunde et al. 2004).
A study showed that NO inhibits the growth of
roots and has been utilised as a morphological
tool for screening of hypersensitive mutants of
NO (He et al. 2004). By using this property of
NO,itbecamepossibletoisolate NO-overproducer
mutant nox1 and also found that CUEI underex-
pressed as the mutant gene. It has been found that
differentiation of NO takes place in a dose-
dependent manner and also suggested the growth
is inhibited by endogenous application of the
extreme levels of NO, while the low levels pro-
mote it (He et al. 2004). Similar results have been
found in plant gravitropic response in which
addition of high level of NO on the upper side
promoted elongation, while low levels of NO on
the lower sides suppress it, thus effecting gravit-
ropic bending (Hu et al. 2005). In Arabidopsis by
using different analysis approach, it has been
found that NO operates during onset of plant
growth, but it also has been reported that PR
growth of wild-type Arabidopsis seedlings is sup-
pressed by NO (Fernandez-Marcos et al. 2011).
One of the recent studies has observed that in
Euphorbia pekinensis suspension cells, the endo-
phytic fungal elicitor stimulates elevation in the
amount of NO and generation of SA which in turn
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increases the biosynthesis of isoeuphpekinensin
and also describes that ROS are not involved in
the endophytic fungus-host interaction signalling
pathway (Fu-Kang et al. 2012). One of the stud-
ies has also revealed that in Catharanthus roseus
cells, the extracellular application of NO through
its donor sodium nitroprusside (SNP) results in
the generation of catharanthine (Xu et al. 2005).
Mao-Jun et al. (2005) studied the impact of
NO scavenger 2- to 4-carboxyphenyl-4,4,
5,5-tetramethylimidazoline-1-oxyl-3-oxide
(cPITO), nitric oxide synthase inhibitor S, S’-1,
3-phenylene-bis (1,2-ethanediyl)-bis-isothiourea
and inhibitors of the octadecanoid pathway on
elicitor-induced NO generation, JA biosynthesis
and hypericin production. The results revealed a
causal relationship exists between elicitor-
induced NO production, JA biosynthesis and
hypericin generation in H. perforatum cells and
indicates a sequence of signalling events from
NO to hypericin production within which NO
mediates the elicitor-induced hypericin biosyn-
thesis at least partially via a JA-dependent signal-
ling pathway. The constitutive part of common
signal transduction in plant defence mechanism
contains JA and its methyl ester methyl jasmo-
nate (MeJA) that are well-defined signalling mol-
ecules (Mueller et al. 1993). Many studies have
been carried out and demonstrate that when the
plant tissues and cells are subjected to external
treatment of JA or MeJA, they have been found to
imitate the impact of wounding and elicitor to
stimulate the corresponding responses like accu-
mulation of secondary metabolites and protein-
ase inhibitor enzymes (Gundlach et al. 1992) and
rapid production of H,O,. One of the recent stud-
ies suggested that NO plays a crucial role in few
JA-stimulated or JA-mediated defence mecha-
nisms, viz. the inhibition of wounding-induced
H,O, production and proteinase inhibitor synthe-
sis in tomato leaves (Orozco-Cardenas and Ryan
2002) and MeJA-induced accumulation of H,O,
and malondialdehyde (MDA) in rice leaves
(Hung and Kao 2004). Jian and Jian (2005) found
a similar result in Taxus chinensis cell cultures in
which nitric oxide (NO) plays an active role in
MeJA-mediated plant defence responses and sec-
ondary metabolism. Similarly, it has been found
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L-Arg

L-Arg- dependent pathway

Fig. 1.10 Nitric oxide (NO) synthesis in plants: It com-
prises of two pathways L-Arg dependent pathway that
involved NOS like enzyme and Nitrite-dependent path-

that in Arabidopsis thaliana JA and wounding
activates a strong NO burst (Huang et al. 2004).

1.5.1 Pathways

Recent information known about NO signalling
in plants revealed that there exists two different
enzymatic pathways for the NO production in
plants, viz. a nitrate-/nitrite-dependent pathway
and an L-Arg-dependent pathway (Fig. 1.10).
The enzyme involved in the first pathway is a
cytosolic nitrate reductase NR (Yamasaki and
Sakihama 2000) and a root-specific plasma mem-
brane nitrite-NO reductase (Ni-NOR) (Stohr and
stremlau 2006). The in vitro production of NO
was catalysed by NR and uses NAD(P)H as an
electron donor through one electron-nitrite reduc-
tion (Stohr et al. 2001). In vivo, the basic genera-
tion of NO levels in the leaves and roots of
various plant species is induced by NR (Vanin
et al. 2004), and the process is regulated by the
phosphorylation state of enzyme (Lea et al.
2004). It has been found that in ABA-signalling
of guard cells NR- induces NO synthesis is the
main step; however by observing the transduc-
tion mechanism in Arabidopsis thaliana nial,
nia2 NR-deficient mutants ABA do not lead to
the generation of NO during stomatal closure

NR/
Ni-NOR

Nitrite- dependent pathway

way that involves NR, Ni- NOR and non-enzymatic path-
way for the production of NO (Angelique Besson-Bard
et al. 2008)

(Bright et al. 2006). NO formation from nitrite,
Ni-NOR, is involved and formation of NO takes
place extensively in roots. There is co-ordination
between the Ni-NOR and the plasma membrane-
bound NR that reduces nitrate to nitrite (Stohr
et al. 2001). It has been observed that Ni-NOR is
implicated in many physiological processes par-
ticularly related to root such as development,
response to anoxia and root symbiosis (Stohr and
Stremlau 2006), but the actual identity of Ni-NOR
is not clear. Although many experiments have
been carried out to elucidate the actual process
involved and finally scientists have developed a
nitrite-dependent mechanism for NO synthesis.
These include the following:

(a)At the acidic pH in the apoplasm, there is

reduction of nitrite to NO (Bethke et al. 2004).
(b) And production of NO in mitochondria due

to reduction of nitrite to NO (Planchet et al.
2005).

However there exists no homology of animal
NOS in the Arabidopsis genome (Arabidopsis
genome initiative 2000). It has been suggested
that NOS-like enzyme may be present in plant
tissues and purified organelles (Tian et al. 2007).
NO synthesis in plants can be suppressed by the
use of mammalian NOS inhibitor and also cell
suspension exposed to hormones (Zottini et al.
2007), derived elicitors or pathogen (Vandelle
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et al. 2006) and salt stress (Zhao et al. 2007).
Recent studies have described that a protein
which is involved in the accumulation of NO in
snail Helix pomatia shows sequence resemblance
to the enzyme involves in the reactions of
Arabidopsis results in the cloning of AtNOSI1
gene which encodes mitochondrial enzyme in
Arabidopsis thaliana (Guo and Crawford 2005).
A study revealed that the AtNOS1 enzyme plays
a critical role in floral transition (He et al. 2004)
and in the signalling pathway of ABA that is the
main source of NO (Guo et al. 2003) and lipo-
polysaccharide (LPS) (Zeidler et al. 2004).
However it has been found that in specific envi-
ronmental conditions such as in response to ABA
or LPS, the mutant AtNOS1 shows the presence
of reduced levels of NO, and it was recently ques-
tioned that how the mutant AtNOS1 exhibited the
NOS activity (Zemoijtel et al. 2006). It has been
currently described that in the synthesis pathway
of NO, there is an active involvement of an
enzyme that is not known but has been found to
play a role in the uninterrupted transformation of
polyamines to NO. Recently a specific analysis
has been carried out on the amount of amino
acid in the leaves of Arabidopsis nial, nia2
NR-deficient mutant grown, and it has been
observed that a decrease of tenfold level of L-Arg
is observed in presence of ammonia. The above
observation suggests that there is an insufficient
amount of endogenous substrate present in plants
lacking nitrate or NR which is not able to gener-
ate NO either from the nitrate/nitrite-dependent
pathway or from the L-Arg-dependent pathway.

1.5.2 NO Signalling in Plants

The metal nitrosylation, S-nitrosylation and tyro-
sine nitration play an important role in NO sig-
nalling in plants (Fig. 1.11). Recently it has been
described that NO forms complex with metal-
containing proteins in plants. In the recent years
more focus has been given to clearly elucidate the
reaction between NO and haemoglobin. Plants
contain three main types of haemoglobin (Hb),
viz. symbiotic Hb found in nitrogen-fixing root
nodules of leguminous plants (Mathieu et al. 1998),

non-symbiotic consists of two classes of Hb both
containing extreme and reduced affinity for oxy-
gen and truncated Hb (Dordas et al. 2004). It has
been recently found that the root nodules of soya
bean, cowpea and alfalfa contain Lbfe™ NO and
also described the presence of different forms of
LB generated in vivo such as oxy Lb and ferryl
Lb which are well defined for their involvement
in the quenching activity of NO and peroxynitrite
(ONOO") (Herold and Puppo 2005) in vitro.
Similarly studies have shown that the different
plant species containing class-I Hb catalyse the
reaction involving NAD(P)H-dependent transfor-
mation of NO to nitrate in vitro (Seregelyes et al.
2004). Perazzolli et al. (2004) have described that
Arabidopsis class-I Hb is also mediated via
S-nitrosylation. Mutagenesis experiment recently
has shown that this regulation might not be cru-
cial for quenching of NO (Igamberdiev et al.
2006). One of the recent hypothesis supports that
functional interaction between NO and class-I
Hb by the use of both defective and overexpress-
ing class-I Hb mutants lowers the intracellular
level of NO under hypoxia (Perazzolli et al.
2004) and pathogen attack (Seregelyes et al.
2004). Similarly, transgenic plants overexpress-
ing class-1 Hb lead to the increased resistance to
hypoxic stress and lowered necrotic symptoms in
response to avirulent pathogens (e.g. tobacco
necrosis virus and Pseudomonas syringae
pv. phaseolicola). Therefore, the major activity
of class-1 Hb is to provide defence system against
lethal effects of nitrosative stress in order to assist
and surpass the adverse conditions in plants.
In addition to Hb and lipoxygenase, cytochrome
oxidases (COX) are presumed targets of NO
which is also mediated by metal nitrosylation and
results in the loss of activity in biological system
(Clark et al. 2000). Moreover, hundreds of stud-
ies have described the metabolic role of NO in
plants, but no appreciation has been given earlier
for the involvement of S-nitrosylation as a pre-
sumed post-translational protein modification.
Currently advancement in methodologies has
been successfully applied in mammalian cells
(Greco et al. 2006), and this provides a better
technique for isolating plant protein that are
S-nitrosylated in vivo (Jaffrey et al. 2001). One
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of the studies suggested that by the use of biotin
switch method, the first S-nitrosylated proteins
are isolated from the leaves of Arabidopsis and
cell suspension extracts in which artificially
released NO is applied (Lindermayr et al. 2005)
and are found to be involved in metabolism,
photosynthesis, redox control and stress response
and various amongst these are known to be
S-nitrosylated in vitro/in vivo in mammals
(Stamler et al. 2001). By using biotin switch
approach, the identification of methionine adeno-
syl transferase (MAT) is possible (Lindermayr
et al. 2005). Many studies have revealed that the
metabolic description for the NO to downregu-
late ethylene accumulation and some effects such
as senescence forms the basal line of crosstalk
between NO and ethylene signalling (Leshem
et al. 2000). The interaction between NO and the
Arabidopsis metacaspase 9 (ATMC9) provides
the new insight for the effect of S-nitrosylation
on plant protein activity (Belenghi et al. 2007).
There are also evidences that show the presence
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switch off mechanisms include NO scavenging by Hb,
GSNO (Nitrosoglutathione), reductase (GSNOR) and
attenuation of Ca®* influx that stimulates NO synthesis
(Angelique Besson-Bard et al. 2008)

of nitrosoglutathione reductase (GSNOR),
conserved between bacteria, animals and plants
(Sakamoto et al. 2002), and GSNOR catalyses
the oxidation of GSNO to glutathione disulphide
(GSSG) and ammonia (Liu et al. 2001) and hence
plays an essential role by acting as checkpoints to
regulate S-nitrosothiol-mediated effects in plants
that are confronted by the pathogen (Rusterucci
et al. 2007). The above finding reveals that the
S-nitrosylation is an important post-translational
reversible mechanism in plants.

Besides the above-defined signalling mecha-
nisms, there are evidences that in animals Tyr
nitration is basically involved with the knock-
down of protein functions and is a relevant bio-
marker of NO-dependent oxidative stress (Hanafy
et al. 2001), but recent studies have revealed that
this plays a key role in post-translation modifica-
tion in signalling (Schopfer et al. 2003). It has
been observed that the protein kinase leads to the
inhibition of Tyr phosphorylation, as Tyr nitration
acts as antagonist to Tyr phosphorylation during
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protein kinase-mediated cell signalling (Schopfer
et al. 2003). Although in plants, association of
ONOO- with Tyr residues in target proteinases
has drawn the less information to date as mecha-
nism of NO signalling. However the identification
and isolation of highly reactive ONOO" in bio-
logical system have also been described, and vari-
ous studies have revealed the active involvement
of protein in Tyr nitration in plants. One of the
recent studies has observed that by using the anti-
bodies that are raised against 3-NO,-Tyr residues
demonstrates that there is 100-fold higher
NR-mediated NO emission rate compared with
the wild type that results due to the increased pro-
tein Tyr nitration in an antisense nitrite reductase
tobacco lines. Similar results that have been
observed from immunological-based strategy
detected Tyr nitration in olive leaves exposed to
salt stress (Valderrama et al. 2007) and also in
tobacco cells treated with INFA, an elicitor
secreted by Phytophthora infestans that promotes
defence responses (Saito et al. 2006). All these
proteins remain unidentified so far.

1.5.3 Role of NO and ROS
in Plant Immunity

There are several evidences that described the
role of NO and ROS in plant signal transduction;
they act either individually or synergistically and
stimulate a stronger defence response against
various environmental stresses, and similarly the
extensive generation of NO and ROS called as
NO burst and ROS burst, respectively, has been
identified to be involved in many morphological
and metabolic processes such as tolerance against
biotic and abiotic stresses and hormonal signal-
ling and also plays an essential role in the plant
growth and development (Hong et al. 2008). NO
as a reactive radical is found to be involved in
various essential processes in both plants and ani-
mals, and notably NO in animals is generated by
NO synthase (NOS). Currently, NO generation as
a radical and its diverse function in plant innate
immunity has excited the plant biologist, as NO
stimulates mitogen-activated protein kinase cas-
cade (Kumar and Klessig 2000) and results in the

increase of defence gene expression and other
proteins markedly the enzymes coding for
phenylalanine ammonia-lyase and pathogenesis-
related proteins (Durner et al. 1998). Similarly
the generation of NO in plants involves the reduc-
tion of nitrite by nitrate reductase, while oxida-
tion mechanism by NOS of arginine to citrulline
is not well defined. However, there are evidences
that reveal that plants involve arginine-dependent
pathway of NO synthesis, but there is no gene or
protein in plants that resembles the mammalian-
like NOS (Butt et al. 2003). From Arabidopsis a
study revealed that the isolation of NOS-like
enzyme (AtNOS1) has a sequence resembling a
protein which is involved in the accumulation of
NO in the snail Helix pomatia (Guo et al. 2003).
But after some time it has been revealed that
AtNOSI protein does not exhibit NOS-like activ-
ity (Zemoijtel et al. 2006), and therefore AtNOS1
was termed as AtNOA1 for NO Associatedl
(Crawford et al. 2006), and a recent study reveals
that AtNOAL has circularly transposed GTPase
activity in plastides (Moreau et al. 2008).
Although Arabidopsis thaliana mutant noal is
found to be useful for various physiological pro-
cesses, it shows that only low levels of NO
mediate plant growth, fertility, hormonal signal-
ling, salt resistance and defence mechanisms
(Kato et al. 2008). However, enormous genera-
tion of ROS results in the association between
AtNOA and NO that is actually the outcome of
the multiple effects and malfunctioning carried
out by plastids (Gas et al. 2009). Decreasing or
loss of function of NOA1 provides one of the
simplest techniques for the analysis of NO func-
tion. The respiratory burst oxidase homology
gene (RBOH) is a plant homology of NOXS and
has been found that in mammalian, NADPH
oxidase is found in many plant genomes such
as Arabidopsis thaliana, rice (Oryza sativa),
tomato (Solanum lycopersicum), potato (Solanum
tuberosum), tobacco (Nicotiana tabacum) and
Nicotiana benthamiana (Yoshie et al. 2005). As
it has been found that RBOH is present in several
plants, at the same time it has also been observed
that RBOH plays a crucial role in mediating ROS
signal transduction that includes development,
elongation and defence mechanism of the cell.
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It has also been revealed that the genes AtRBOHD
and AtRBOHF exhibit several properties that
function in the generation of ROS during patho-
gen stresses (Torres et al. 2002) and ABA stimu-
lating stomatal closing in guard cells (Kwak et al.
2003). It has been found that in N. benthamiana,
the induction of NbRBOH A and NbRBOH B by
virus-induced gene silencing (VIGS) results in
the reduction of ROS generation that ultimately
leads to the tolerance against Phytophthora infes-
tans (Asai et al. 2008). Recent study showed that
the use of antisense technology in the tomato
plants results in the loss of RBOH function that
reduces generation of ROS in leaves and leads to
the phenotypic abnormalities (Sagi et al. 2004).
It has been found that in root hair development
AtRBOHC/RHD?2 produced ROS which results
in the stimulation of Ca** channels which in turn
regulates cell elongation (Foreman et al. 2003).
When act synergistically NO and ROS results in
the cell apoptosis (Delledonne et al. 1998) while
as normal generation of NO and H,0, plays an
essential role in hypersensitive response (HR)
cell death (Delledonne et al. 2001).

1.5.4 Role of CDPK and MAPK
as a Crosstalk in ROS

During pathogen signalling, the first step that
arises in the cascade of signalling is the sharp
increase of inward current of Ca?* into the cyto-
plasm that results in the activation of ROS burst
and HR cell death (Lecourieux et al. 2006).
Recent studies have described the role of CDPKs
in ROS and NO signalling mediated by various
biotic and abiotic stresses and found that some
CDPK genes are activated by certain transcrip-
tion factors during pathogen signalling (Chico
et al. 2002). It has been suggested that CDPK
functions upstream in ROS generation (Kobayashi
et al. 2007). It has been found that in tomato pro-
toplast, the ectopic expression of AK1 (AtCPK1)
in Arabidopsis thaliana accelerates NADPH
oxidase activity and generation of ROS (Xing
et al. 2001). During low abiotic-osmotic and
wound signalling, there is an increased expres-
sion of NtCDPK2VK that activates generation of
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ROS and HR-like cell death and also found that
under these stresses NtCDPK2VK accelerates
the jasmonic acid, 12-oxo-phytodienoic acid and
ethylene which has a crosstalk in ethylene sig-
nalling with MAPK (Ludwig et al. 2005). During
the events like pathogen infection or elicitor
treatment, there is quick activation of ROS phase
I burst and then extensive ROS phase II burst and
also described that a protein synthesis inhibitor
is present in potato tubers and leaves that ends
in ROS phase II burst (Yoshioka et al. 2001).
In earlier studies a gene StRBOHA-D is isolated
from potato plants (Yamamizo et al. 2006), and
with the help of genetic engineering approaches
in potato tubers, one gene StRBOHA is inte-
grally expressed at low levels, and the other gene
StRBOHB is activated from P. infestans by treat-
ment with cell wall elicitor (Yoshioka et al.
2001). And also in leaves, the three genes
StRBOHA, StRBOHB and StRBOHD are
expressed at low levels, while StRBOHC is
especially mediated in response to P. infestans
(Yamamizo et al. 2006). Recent study of pro-
moter analysis of S(RBOHC reported that at the
transcriptional level MEK2 plays an important
role in the stimulation of gene expression and
both I and II burst is abolished by NADPH oxi-
dase inhibitor diphenylene iodonium, but another
protein inhibitor cycloheximide ends only with
phase II burst during the primary treatment of
potato tubers (Kobayashi et al. 2007). These evi-
dences suggest that SC(RBOHA and StRBOHB
and StRBOHC contribute to phase I and phase 11
burst, respectively, and also inhibited by a protein
kinase or a calcium inhibitor (Kobayashi et al.
2007). By in-gel kinase assays, it has been
observed that StRBOHB acts as an important
phosphorylation site and isolated Ser 82 and
Ser 97 in the N-terminus of potato by using mutated
N-terminal proteins of StRBOHB (Kobayashi
et al. 2007). Also it has been observed that Ser §2
is phosphorylated in response to pathogen signal-
ling in plants that is shown by using an anti-
phosphopeptide (pSer 82) antibody. By cDNA
expression screening, StCDPKS5 is cloned by
using the anti-pSer 82 antibody and found that
the cells expressed an N-terminus of StRBOHB,
and only Ser 82 and Ser 97 are phosphorylated by
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CDPK in the N-terminus of calcium dependent
which is analysed by mass spectrometry. ROS
generation in leaves of N. benthamiana is stimu-
lated by ectopic expression of StCDPK5VK, the
integrally active mutant of StCDPKS5. The ROS
generation is stimulated by CDPK and is hin-
dered by the loss of function of NbRBOHB in
tobacco. The knockdown is complemented not
by the mutant S82A/S97A but by the heterolo-
gous expression of wild-type potato St(RBOHB.
Phosphorylation of Ser 82 in tobacco is activated
by the heterologous expression of StCDPK5VK.
One of the studies suggests that the phosphoryla-
tion of RBOHs is mediated by StCDPKS which
in turn stimulates the ROS burst. These evidences
have been analysed by bimolecular fluorescence
complementation method which shows that inter-
communication of SSRBOHB and StCDPKS has
been carried out on the plasma membrane and
revealed that the mutation of N-myristoylation
and palmitoylation sites of StCDPKS plays a cru-
cial role in the membrane mobilisation, eludes
these intercommunication.

Several studies have described that during
plant-pathogen intercommunication, the genera-
tion of NO and ROS has several impacts on
defence mechanism in plants and also exhibits
various functions in defence systems that are
mediated by these stresses (Fig. 1.12). It has been
reported that Arabidopsis thaliana lacks the
mutant AtNOAT1 that results in the reduction of
NO generation and, thus, increases the sensitivity
of noxious Pseudomonas syringae (Zeidler et al.
2004) indicates that NO is participating in
basic defence system during compatible hemi-
biotrophic bacterial pathogen and Arabidopsis
interaction. A study showed that silencing of
NbRBOHB in N. benthamiana results in the
adverse impact on tolerant property against
potentiate pathogen P. infestans (Asai et al. 2008)
but not to B. cinerea, and by silencing NbNOA 1
it leads in the stimulation of extreme high sensi-
tivity to B. cinerea but not to P. infestans (Asai
and yoshioka 2009). It has been observed that
expressing StCDPKS fused to pathogen-inducible
promoter in potato plants shows high tolerance to
P. infestans but shows high sensitivity to necro-
trophic pathogen Alternaria solani (Yoshioka

et al. 2009). With the help of genetic engineering
approaches, it has been found that StCDPKS is
able to generate ROS but incapable of producing
NO which implies that ROS may have a negative
role in disease resistance to necrotrophic patho-
gen or a positive role in expansion of disease
lesions. It has been observed that expressing
StMEK?2 (StMEK?2PP) and a pathogen-inducible
promoter gene StCDPK5VK in the transgenic
potato plants show resistance to both P. infestans
and A. solani (Yamamizo et al. 2006). One of the
recent studies showed that SIPK is activated by
MEK?2PP which results in the generation of
RBOH-dependent ROS and NO production
which is stimulated by NOAL1 in N. benthamiana
(Asai and Yoshioka 2008). As it was found that
MAP kinase plays an important role in NO and
ROS signalling, they also play a crucial role in
the activation and phosphorylation of nitrate
reductase (Wang et al. 2010). The above findings
revealed that contribution of NO in plants makes
them resistant against necrotrophic pathogens
A. solani and B. cinerea besides other diseases,
but simultaneously NO together with ROS
induces apoptosis which is an advantage over
these necrotrophic pathogens. This implies that
NO and ROS synergistically mediates a stronger
response against these environmental stresses.
It has been observed from the earlier studies that
NO has several functions along with ROS that
contributes to either cell apoptosis or resistance
to a number of pathogens depending upon the
type of stress that leads to the open question of
how NO and ROS changes the physical and cel-
lular metabolism. It is not always possible that
generation of ROS leads to increased sensitivity
of the cell which depends on the exposure and
intensity of ROS formation, but it can also result
in the activation of defence responses during var-
ious abiotic and biotic stresses.

1.6 Perspectives and Conclusion

Plants have developed various stress-tolerant
mechanism during their evolutionary period of
development. In recent times plant signal trans-
duction has been in focus and has emerged as an
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Fig. 1.12 A model showing NO burst and ROS burst that induces Ca?** channels, CDPKs and MAPK cascade that
upregulates inducible form of RBOH gene (Hirofumi Yoshioka et al. 2011)

important area of research in biology. The plants
mediate responses to these environmental
changes through diverse mechanisms that help
them to withstand these changes. The role of
calcium-mediated signalling pathways in plants
has been investigated and shows gross resem-
blance to that of animal system. As CDPKs play
an essential role in signalling pathways, there-
fore, there is a need for broad and comprehen-
sive knowledge regarding their structural and
functional relationships. Through various stud-
ies it has been revealed that there is an active
involvement of MAP kinase in plant signal trans-
duction. In majority of cases, only indirect proof
regarding the involvement of MAP kinase in
signalling is known but the responsible genes/
protein kinase that regulates these signalling
pathways is still unknown. In addition to this,
other types of protein kinases also share some
properties of MAP kinases such as substrate,
specificity and size. Therefore, utilising the pro-
ficient technologies to identify the particular
MAP kinases and their respective genes encod-
ing enzymes is of fundamental importance to

biology. Therefore, multidisciplinary approaches
are required to develop novel methods of analy-
sis just to acquire better understanding about the
function of MAP kinase in different processes.
Further, identification and characterisation of
plant protein kinases and their intercommunica-
tion will lead to insights into the mechanism
regulating plant growth and development. ROS
formation during various metabolic reactions
poses a deleterious effect on different cellular
components by causing disruption of the elec-
tron transport chain. ROS play two different
roles in plants, viz. at low concentration they
behave like signalling molecules mediating sev-
eral plant processes, while at high concentration
they cause oxidative stress leading to apoptosis.
In response to oxidative stress, plants have devel-
oped endogenous defence mechanisms compris-
ing of enzymatic and nonenzymatic antioxidants.
Despite that much progress has been made in
current years, there are still some lacuna in ROS
formation and its ill effects on plant growth and
development because of their short half-life
and high reactivity. With the help of advanced
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analytical approaches, the fate of ROS formation
will assist in developing a broad knowledge
about their function in cellular signalling. Last
but not least, future research should be focused
more on biochemical, molecular and genomic
technologies to better understand the signalling
pathways in plants that will ultimately lead to
the significant advancement in the fields of agri-
cultural, biotechnology and forestry.
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SNARE Proteins as Signaling
Elements

Reiaz Ul Rehman and Gian-Pietro Di Sansebastiano

Abstract

SNARESs (N-ethylmaleimide-sensitive factor adaptor protein receptors)
are small polypeptides (~200—400 amino acid) which are characterized by
a particular domain, the SNARE motif that can form a coiled-coil structure
via hetero-oligomeric interactions. These protein interactions are highly
stable leading to the formation of the so-called SNARE complex which
allows the membrane fusion. SNARESs also interact with several proteins
acting as regulators of SNARE complex formation. By regulating vesicle
traffic, SNAREs have a clear influence on several signaling pathways.
SNARE:S take part to receptors turnover through endocytosis and exocyto-
sis, but they can also directly gate channels and interact with membrane
proteins potentially involved in signaling processes. Phosphorylation of
SNARESs upon elicitation is known, and hormonal control confirms that
SNARES have a role in signaling processes.
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2.1 Introduction

Eukaryotes have evolved a sophisticated system
within the endomembrane system for extracellu-
lar transport of cargo molecules from the endo-
plasmic reticulum (ER) via the Golgi apparatus.

Department of Bioresources, University of Kashmir, The small membrane-coated transport vesicles

Srinagar 190006, Jammu and Kashmir, India
e-mail: reiazrehman @yahoo.co.in

G.-P. Di Sansebastiano (<)

Di.S.Te.B.A., Universita del Salento, via prov.

shuttle between the compartments (including ER,
Golgi apparatus, plasma membrane, and vacuoles)
of the secretory pathway. The plant vacuoles are
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and recycling, and unlike in yeast the functional
vacuoles present are essential for plant cells
(Rojo et al. 2001). The vesicles in addition to
extracellular transport, i.e., anterograde transport
(exocytosis), are also required for uptake of
material from the extracellular space, i.e.,
endocytosis and other retrograde transport pro-
cesses. There are several classes of polypeptides
that contribute in these shuttling activities, and
the fusion process between a coated vesicle and a
target membrane is an unfavorable process in
terms of energy. The eukaryotic systems have
evolved a specialized class of proteins that
drives the membrane fusion and these are named
as soluble N-ethylmaleimide-sensitive factor
adaptor protein receptors (SNAREs). The SNAREs
provide the force to bridge membrane lipid bilayers
together and provide the specific matching speci-
ficity between vesicles and targeted compartments.
In doing so they contribute to targeting and
delivery of membranes and soluble proteins in all
eukaryotic cells (Lipka et al. 2007).

The role of SNARE:s in relation to membrane
trafficking is not only limited to general homeo-
static and housekeeping functions, but it also
represents important signaling and response ele-
ments associated with growth, osmotic stress,
gravitropism, and defense. The first evidences
arrived with the discovery of the tobacco
SNARE NtSYPI121 (=NtSYR1) and its homo-
logue in Arabidopsis, and this protein was found
involved in abiotic stress signaling (Leyman
et al. 1999) and, later, in pathogen resistance
(Collins et al. 2003).

The canonical model of SNAREs function
describes them as complementary sets of inter-
acting proteins which target vesicles to the spe-
cific destination membrane. This model has to
be enriched by the evidences of their contribu-
tion in scaffolding and anchoring of other mem-
brane proteins that play their roles in response
to environment, in growth as well as develop-
ment. In comparison to animals and fungi, the
plants have a larger number of SNARES. In con-
trast to the members of the former kingdoms,
the plants are lacking some of the particular
SNARE protein subfamilies but have additionally
evolved some novel types of SNAREs. After
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the description of the canonical model, this
chapter will review the latest evidences about
the relation of SNAREs with signaling in the
plant cell.

2.2 SNARE Structure and Function

2.2.1 The Canonical Model

The SNAREs comprise of a large superfamily of
relatively small polypeptides (~200—400 amino
acids) which are characterized by the presence of
a particular domain, the SNARE motif (Jahn and
Scheller 2006). This domain has a stretch of
60-70 amino acids which consists the heptad
repeat forming a coiled-coil structure. The
SNAREs form highly stable protein-protein
interactions via the hetero-oligomeric interac-
tions that facilitate in overcoming the energy bar-
rier required for membrane fusion. The SNARESs
are required for mediating the fusion events
between membranes in vesicle-associated traffic,
and for performing this function they are thus
distributed on vesicles and the organelles of the
endomembrane system, including the plasma
membrane.

The SNAREs possess C-terminal transmem-
brane (TM) domains that usually help in its asso-
ciation with membrane bilayer (Fig. 2.1a). The
SNARE:s that lack the TM domains are associ-
ated or attached with the membranes via the lipid
anchors. There is an exception to possession of
one SNARE motif, viz., SNAP-25-like SNARE
protein that contains two SNARE domains that
are separated by a flexible linker (Fig. 2.1a). In
addition to the SNARE domain and the C-terminal
TM domain, many SNAREs have an N-terminal
region with regulatory function that generally
controls the activity of SNARE protein and coor-
dinates its activity with several accessory poly-
peptides (Fig. 2.1a).

The membrane fusion is mediated by interac-
tions among the complimentary SNARESs associ-
ated with the vesicles and the target membrane.
Once the SNAREs are matched, they form a
highly stable association known as the “SNARE
complex.” This complex comprises of three
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Fig. 2.1 The figure proposes a simple representation of
SNARE structure and assembly. (a) Organization of
Q- and R-SNARE domains; (b) SNARE complex com-
posed by three proteins, typically observed in synaptic
transport (Syn1/Vamp/SNAP25) and other transport event

or four types of distinctive SNARE proteins
which contribute to form a four-helix bundle of
intertwined SNARE domains (Brunger 2005;
Jahn and Scheller 2006).

The classification of SNAREs is based on
either their localization (functional classification)
or on the basis of the presence of specific amino
acids in the center of the SNARE motif (structural
classification). On the basis of functional
classification, SNAREs are divided into vesicle-
associated (v-SNAREs) and target membrane-
associated SNARESs (t-SNAREs) (Lipka et al. 2007).
This classification does not take into account the
role of SNAREs in the context of homotypic
fusion events or progressive anterograde traffic.
The structural classification of SNAREs has been
indicated as Q- and R-SNAREs based on the
presence of either a conserved glutamine or an
arginine residue in the middle of the SNARE
domain (Fasshauer et al. 1998). Further, the func-
tionally classified t-SNAREs correspond to the
structurally classified Q-SNARESs, and similarly

——I Iv -SNARE ﬁ

on the PM; (¢) SNARE complex composed by four
proteins, typically observed on yeast ER and endosomes
(Syn7/Vamp/Syn8/VTil); (d) SNARE complex com-
posed by four proteins, typically observed on yeast vacu-
oles (Vam3/Vamp/Vam7/VTil)

functionally classified v-SNARESs correspond to
the structurally classified R-SNAREs. The target
membrane-localized Q-SNAREs are of three
types which are further subdivided into Qa-, Qb-,
and Qc-SNAREs. The SNAP-25-like proteins of
Q-SNARE:Ss constitute a special class with both
Qb- and Qc-SNARE motif. Historically the
SNARESs are often designated and described on
the basis of their role in synaptic exocytosis, and
thus the Qa-SNAREs are frequently called as
syntaxins (Bennett et al. 1992) and vesicle-resident
R-SNAREs are called as VAMPs (vesicle-
associated membrane proteins). The R-SNAREs
can either have a short or a long N-terminal
regulatory region, gaining the designation of
brevins (lat. brevis, short) and longins (lat. longus,
long). The brevins for their role in synaptic
exocytosis have been frequently called as syn-
aptobrevins; however, this evolutionary class
of R-SNARE:s is absent in plants, and thus all
R-SNARES present in the plants are only longins
(Uemura et al. 2005).
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2.2.2 SNARE Genomics in Plants

Several SNAREs have been located in the
genomes of all higher plant species as such that
there are 60 SNARESs in dicotyledonous model
species Arabidopsis thaliana (The Arabidopsis
Genome Initiative 2000), 57 SNARESs in mono-
cotyledonous Oryza sativa (International Rice
Genome Sequencing Project 2005), and 69
SNAREs in the Populus trichocarpa (Tree black
cottonwood: Tuskan et al. 2006). In contrast the
yeast Saccharomyces cerevisiae encodes for
21-25 SNARESs, and the humans (Homo sapiens)
are thought to encode 35-36 SNARESs (Jahn and
Scheller 2006; Sutter et al. 2006).

There are comparable numbers of SNAREs in
the same subfamily in various plant genomes that
suggest that the enlarged SNARE number, com-
pared to other eukaryotes, is not related to a par-
ticular plant lifestyle or habitat but related to an
essential aspect of plant biology. The higher num-
ber of SNAREs found in plant species as com-
pared to fungi and animals is predominantly
thought to be due to the expansion of number of
members in conserved SNARE subfamilies and
not due to the evolution of new isoforms. There are
only two subfamilies which appear to be plant spe-
cific: the novel plant-specific SNARE (NPSN)
Qb- and the SYP7 Qc-SNARESs (Sanderfoot et al.
2000; Lipka et al. 2007). The presence of most of
these SNARE genes in green algae Chlamydo-
monas reinhardtii and moss Physcomitrella patens
also indicates that these essential characteristics
evolved early in plants to satisfy the necessity
which arose for plant-specific biological pro-
cesses. There are many plant-specific processes
such as a specific type of cytokinesis, gravitropic
responses, and phytohormones transport, and
several of these processes are related to signaling.
As well as in other eukaryotes, many of these
functions are also involved in establishing and
maintaining cellular processes polarization
(Surpin and Raikhel 2004).

2.2.3 Q-SNAREs

Plant genomes encode multiple syntaxin-like iso-
forms called SYP (syntaxin of plants) subfamilies.
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These SNAREs were originally intended and
indicated with an N-terminal autoregulatory
domain, a linker, the SNARE domain, and a TM
region (Fig. 2.1). This description has to be con-
sidered as a general indication with several
exceptions in terms of autoregulatory and trans-
membrane domain. The examples being SYP5, 6,
and 7, which were initially grouped as syntaxins
but are now being regarded as Qc-SNARESs even
if they are still designated as syntaxins (Pratelli
et al. 2004; Sutter et al. 2006). The SNAREs that
better correspond to the original description of
syntaxins are all the Qa-SNAREs, but they also
possess a natural genetic polymorphism. For
example, AtSYP23 a Qa-SNARE lacks the
C-terminal TM domain in the Arabidopsis eco-
type Col-0 (Ohtomo et al. 2005). The N-terminal
auto-inhibitory domain in AtSYP23 is composed
of three helices which are also called the Habc
motif, and this domain is folded into three helical
bundles which mimics the parallel four-helix
bundle of the SNARE complex. Furthermore, the
folded domain interacting with the Q-domain in
the so-called close conformation prevents unde-
sired interaction of the protein with the partners
before activation (Munson et al. 2000). The plant
Qa- and Qb-SNARE:s have been reported to have
roles in several biological processes such as
shoot gravitropism, cytokinesis, and autophagy.
However up until now, no phenotype was revealed
upon genetic screens for a Qc-SNARE. The Qb-
and Qc-SNARE:s are also known to possess an
extended N-terminal domain occasionally, and
this domain may also adopt (in animals) a coiled-
coil structure similar to a Habc motif (Hong
2005). For example, the SNAP-25 comprises of 2
SNARE motifs and thus is classified as a Qb+Qc-
SNARE. The Qb-domain of SNAP-25 is equiva-
lent to N-terminal domain, and the Qc-domain is
equivalent to a C-terminal domain. Moreover, the
Arabidopsis SNAP-25-like proteins also lack a
TM domain (Lipka et al. 2007). The mammalian
SNAP-25 is attached to the PM by palmitoylation
(Veit et al. 1996); however, the Arabidopsis
SNAP-25s do not have an appropriate conserved
palmitoylation sites (Lipka et al. 2007).
Nevertheless, the AtSNAP33 has been reported
to localize to the PM (Wick et al. 2003) more like
the animal homologue (Hong 2005).
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2.2.4 R-SNAREs

The R-SNARE:S are grouped in three subfamilies,
the SEC22s, VAMPs, and YKT6s. These are
located mostly on trafficking vesicles and are
anchored to them by the C-terminal TM domain.
In animals and yeast the R-SNAREs, AtYKT61,
and AtYKT62 are attached to the vesicular mem-
branes by lipid anchors which are added to these
posttranslationally (McNew et al. 1997). The
plant R-SNAREs can be classified as longins
because of the presence of longin domain
(an extended N-terminal stretch). This longin
domain is responsible for subcellular localization
as well as regulation of SNARE complex assem-
bly in other eukaryotes (Lipka et al. 2007). When
compared to Q-SNARESs the information about
the biological roles of plant R-SNARESs is scarce.
However, there is only one exception of a recently
discovered salt resistance phenotype (Leshem
et al. 2006).

2.2.5 Expression and Subcellular
Localization

The availability of microarray data (https://www.
genevestigator.ethz.ch) allows the expression
profiling of SNARE isoforms in various plant
cell types, tissue, and organs. The expression of
many SNARE:S is ubiquitous, in particular SYP22
and SYP32 (Qa-SNARESs); VTI11 and GOS12
(Qb-SNARE:S); BET11,SYP71, SFT11,and USE11
(Qc-SNARES); SNAP33 (Qb+Qc-SNARE); and
VAMP713,VAMP714,VAMP721, and VAMP722
(R-SNARES) (Lipka et al. 2007).

Interestingly many SNARESs have apparently
a relatively maximum transcript accumulation in
pollen. This fact supports the idea that for the
pollen development and function, a comprehen-
sive vesicle-associated transport processes are
required which are essential to pollen tube: cell
polarity and tip growth (Hepler et al. 2001).
Mostly the SNARES are associated with specific
membranous compartments, but some of them
are localized to two or more distinct organelles
which are possibly due to their shuttling between
various subcellular compartments. The overex-
pression studies utilizing the full-size SNAREs
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or the cytoplasmic SNARE domains have provided
fresh insights into the potential role of these iso-
forms in vesicle trafficking.

2.2.6 Regulators and Associated
Proteins

The SNARE proteins are able to drive vesicle
fusions in vitro; however, in vivo these SNAREs
are not the only determinants of vesicle fusion
and targeting specificity. For the formation of
SNARE complex, the SNAREs are known to
interact with many proteins which act as the
regulators (Lobingier and Merz 2012; Schafer
et al. 2012). The regulatory factors Sec1/Munc18
(SM) proteins are also important determinants
interacting with non-conserved SNARE domains
which control the conformational changes of
syntaxins N-terminal Habc domains. The genome
of Arabidopsis is reported to contain six mem-
bers of the Secl family, and out of these one of
the member which is called as KEULE (KEU)
was shown to be involved in cytokinesis (Assaad
et al. 2001). Another important class of regula-
tory proteins is the Ras-related GTPases belong-
ing to the Rab GTPase family, and these are
involved with SNARES in controlling the multi-
ple steps of vesicle transport. The Arabidopsis
has 57 Rab GTPases classified in eight subfami-
lies (RabA to RabH) (Rutherford and Moore
2002). The regulatory role of Rabs interactions
with SNAREs or the multi subunit protein
complex called exocyst complex will be treated
in a separate chapter. For the specificity of mem-
brane fusion, the SNAREs may also fine-tune
their function by partly acting as inhibitory
SNAREs (i-SNAREs) (Sansebastiano 2013).
In this action it may either substitute or bind to
the fusogenic SNARE protein and thus forming a
non-fusogenic complex (Varlamov et al. 2004).
These later possibilities remind the importance of
in vivo SNAREs stoichiometry in membrane
fusion events (Fig. 2.2).

Further, for the process of SNARE recy-
cling, the soluble accessory proteins, viz.,
N-ethylmaleimide-sensitive fusion protein NSF
(an ATPase) and alpha-SNAP, are required. The
interaction of an NSF with the SNARE complex
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Fig.2.2 SNARE:s are involved in signaling in different
ways. SNARE stoichiometry tells us they are more
abundant than required for membrane traffic; they
assemble also to form non-fusogenic complexes (1) and
to interact with proton pumps to define membrane
microdomains and potential (2) and other unknown

takes place via the alpha-SNAP resulting in
hydrolyzing ATP and dissociation of the complex
(Barnard et al. 1997). Arabidopsis has three
genes for alpha-SNAP and one for NSF, but noth-
ing is known about their specific biological role
(Sanderfoot et al. 2000).

2.3 SNAREs and Signaling

2.3.1 Development

The gravity direction is sensed by the plants
which affect their growth orientation. The gravit-
ropic responses are controlled by complex
molecular mechanisms which involve signaling
(perception and transduction) and growth adjust-
ments. Initially during the gravity perception, the
starch-filled amyloplasts undergo the changes in
sedimentation, and these organelles are present in
the endodermis (statocytes) of shoots and colu-
mella cells (statocytes) of root cap. They have an
influence over the signal transduction cascades
that are involved in auxin transporters relocaliza-
tion resulting in altering of auxin flux. This alter-
ation causes the compensatory asymmetric
growth responses that are largely reliant on the
vacuoles (Lipka et al. 2007; Bassham and Blatt
2008). Many gravitropic responsive genes have
been isolated, and in Arabidopsis plant the

SIGNALING

partners; SNARE influence turnover of channels, but it
is known that gating of Ca** and K* depends on SNAREs
through direct protein-protein interactions (3); PM
SNARE:S can be phosphorylated as part of the signaling
cascade elicited by interaction with microorganisms or
hormonal stimulation (4)

Qa-SNARE AtVAM3/SYP22 (SGR3) and the
Qb-SNARE AtVTI11 (ZIG/SGR4) of the SNARE
complex play an important role in shoot gravitro-
pism (Yano et al. 2003). Further the v-SNARESs
comprising of VTI1 group are the best studied
among the SNARE subfamily. The single muta-
tions in VTI1 were shown to be viable while as
the double mutations were embryo lethal (Surpin
et al. 2003). The mutants with single mutation
were having minor defects which placed them
into two distinct phenotypes, viz., vtil I and vtil2.
The knockout mutant’s vti// and vtil2 showed
developmental and growth-related defects. The
vtil I showed defects such as vascular patterning,
auxin transport, and shoot gravitropism (Kato
et al. 2002; Surpin et al. 2003) while as the v#i/2
mutants were hypersensitive to starvation, and
these showed premature senescence (Surpin et al.
2003) similarly to autophagy mutants. The stud-
ies on VTI11 and VTI12 revealed that the vacu-
olar trafficking is affected as such that in vtil1
mutant showed defects in protein trafficking to
Iytic vacuoles (LV), while as the v#i/2 mutant
showed defects in storage protein transport to
protein storage vacuoles (PSV). The specificity
of function in the single mutants, viz., vti/l and
vtil2 means that there can be partial substitution
of proteins in SNARE complexes or in other
words the redundancy of function (Sanmartin
et al. 2007). The mechanism that allows SNAREs
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to respond to gravity is unknown; however, there
is a possibility that the mutant phenotype arises
because of an indirect effect on the structure and
composition of the vacuolar membranes rather
than the direct effect of vesicle trafficking on gra-
vitropism. There is an abnormal vacuolar struc-
ture in these mutants with an absence of
transvacuolar strands and accumulated presence
of vesicle-like structures which may be possibly
impeding the amyloplast movement and may also
be interacting with the cytoskeleton.

Membrane traffic affects growth most proba-
bly by altering the correct sorting of membranes
and cell wall components. Tip growth in pollen
tubes can be taken as a good example of growth
processes because there exists a continuous vesi-
cle secretion as well as the delivery of new wall
material. It was recently shown that SNAREs
have probably a determinant role in the pollen
growth processes. The localization of pollen-
specific syntaxin SYP125 (AtSYP125) was shown
to be associated with the plasma membrane (PM)
and apical vesicles in growing pollen tubes.
The AtSYP125 was asymmetrically localized
behind the apex at the plasma membrane, while
as AtSYP124, another pollen-specific syntaxin
was distributed differently (Rehman et al. 2011;
Silva et al. 2010). Thus, the syntaxins asymmetric
distribution in pollen tubes helps to define the
exocytic sub-domains; however, there is also
the requirement and role of other signaling and
functional mechanisms such as phosphoinositides
and small GTPases. Membrane traffic also
regulates the transport capacity of selected ion
and solute transporters (2, 3 in Fig. 2.2). Among
these the most characterized in mammalian cells
is the trafficking of GLUT4 (Na*-coupled Glc
transporter). It has been shown in the intestinal
epithelial cells that GLUT4 cycles between
apical membrane and cytosolic vesicle pool. The
SNARE complexes involved in fusion of GLUT4
vesicles include mammalian syntaxin 4, SNAP-
23, and VAMP2 within the lipid rafts of the
plasma membrane. The recovery of these GLUT4
transporters form the apical plasma membrane
takes place by endocytosis, and the sequestering
takes place in specialized GLUT4 vesicles
before recycling occurs (Grefen and Blatt 2008).
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This example shows how the traffic is characterized
by changes in the integral membrane proteins
turnover. Unlike GLUT4, many other proteins
follow the path leading to the vacuole for final
degradation after endocytosis. There is no infor-
mation about the molecular mechanics of this
trafficking; however, SNARESs do certainly play a
role. Another interesting example is the traffic of
the KAT1 (Kv-like K* channel) of the epidermal
cells whose turnover at the plasma membrane is
tightly controlled through a mechanism evoked
by ABA that leads to recycling in an endomem-
brane pool that is distinctive from the degrada-
tion pathways leading to the vacuole. The studies
using the dominant negative fragments of
syntaxin SYP121 have revealed that the KAT1
transport to the plasma membrane depends
on SYPI121 function (Grefen and Blatt 2008).
The lateral mobility of KAT1 also increased
greatly (100-fold) in the presence of dominant
negative fragments, and this is an indicative of an
additional role of SNARE helping to anchor the
KAT1 protein present within the lipid microdo-
mains (2 in Fig. 2.2). Recent work directly evi-
dences that SYP121 is the key structural element
which determines the gating of another K* chan-
nel (Grefen et al. 2010) which makes it clear that
in fact SNARE is part of a scaffold of proteins
that is associated with membrane transport of K*.
Thus, the SNARE may be essentially required for
channel-mediated K* nutrition that is a wholly
distinct function from other roles in membrane
traffic. In fact a few SNARE proteins such as in
mammalian nerve cells, the syntaxin 1A is known
to interact with ion channels binding several Ca*
and K* channels.

2.3.2 Hormones

In the plants the vesicle trafficking has been
implicated in a variety of responses pertaining to
hormonal and environmental stimuli. This para-
graph can only make limited examples about the
existing cases of study. For example, ABA sig-
naling was shown to be related to evoked endocy-
tosis at the plasma membrane which ably selected
among the integral membrane proteins and also
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regulated their recycling back to the plasma
membrane. The phytohormone ABA is pivotal in
regulating cellular responses to abiotic stresses,
and it acts as a signal that rapidly triggers changes
in three K* and Cl~ channels such as in the con-
trol of ion transport of stomatal guard cells result-
ing in transpiration suppression from the leaf
tissues. Concurrently, ABA is known to initiate
endocytosis of KAT1 K* ion channel which is
otherwise normally active during the K* uptake
for stomatal opening. Furthermore, a study on a
cDNA screen in frog (Xenopus laevis) oocytes
for ABA-related genes ultimately led to the iden-
tification of a Nicotiana tabacum syntaxin
NtSYRI1 (which is an ortholog of Arabidopsis
thaliana AtSYP121/AtSYP122). The SYP121 or
the close homologue SYP122 contributes in early
changes during ion channel gating in ABA
response. It has been shown that the SYP121 and
SYP122 dominant negative fragments were
blocking changes in K* and Cl~ channel gating in
response to ABA (Leyman et al. 1999; Geelen
et al. 2002). The changes due to action of the
dominant negative fragments can lead to the rise
in intercellular calcium [Ca?*]; due to suppression
of the Ca** channel gating and its entry across the
plasma membrane. The fact that in the guard cells
K* and CI- channel currents are controlled mainly
by the [Ca*],, it underscores the importance of
the mechanisms regulating the integration of
SNARE with ion channel regulation during the
process of stomatal closure. Further, it also raises
similar questions about integration and role of
Ca?* signaling with other physiological responses
such as the responses to pathogens (see following
paragraph) (Grefen et al. 2010, 2011). In one
such response studies, the genetic screening in
Arabidopsis for altered salt tolerance identified a
knockout line [osml (osmotic stress-sensitive
mutant 1)] in which the T-DNA insertion was
found to be similar to SYP61, and it co-segre-
gated closely with osml phenotype and was
found to be only a functional mutant (Zhu et al.
2002). In the root bending assay, the mutant
showed sensitivity towards osmotic stresses
(both ionic and nonionic). It also showed the
hypersensitivity towards the drought stress, and
the stomata showed insensitivity towards the
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ABA-induced opening and closing. However, it
was surprising to note that upon the expression of
antisense AtVAMP711, there was an improved
salt tolerance in the above mutant lines. Similarly,
the individual T-DNA insertional lines of
AtVAMP711, AtVAMP713, and AtVAMP714 also
exhibited the improved salt tolerance. This phe-
notype coincided with a failure of osmotic stress-
induced, reactive oxygen species-containing
endosomal vesicles to fuse with the central vacu-
ole. Thus the SNARESs can then have an antago-
nistic function in abiotic stress responses.

About the contributions of SNAREs to traf-
ficking associated with auxin, some intriguing
ideas emerged from the study of the PIN (for
PIN-formed) and AUX1 (for AUXIN1) proteins.
The SNARE proteins in the mammalian epithe-
lial cells are responsible for the differential
targeting of solute transporters (e.g., Na'/K*-
ATPase, gastric H*-ATPase) and the coupled
transporters (e.g., GLUT4:Glc transporter) to
apical and basal cell membranes. Considering the
analogy to mammalian epithelial polarity to be
true, it was expected that the AUX1 (an auxin
uptake carrier) and PIN (an auxin efflux carrier)
traffic will be dependent on the different subsets of
Q- and R-SNARES because the AUX1 is localized
on the apical ends of the cells (in Arabidopsis
epidermis and cortex of stem and root), while as
the PIN1 protein is present on the opposite ends
of the same cells. However, these results are
still controversial and need further clarification
(Grefen and Blatt 2008).

2.4 SNAREs in Plant Interaction
with Microorganisms

The SNAREs have been reported to have several
roles in plant defense responses against the
pathogen attacks (Reichardt et al. 2011). The
resistance of Arabidopsis to powdery mildew of
barley (Hordeum vulgare) is the best characterized
example. On the Arabidopsis (a nonhost plant)
the spores of the powdery mildew are able to ger-
minate but are not able to penetrate the cells and
thus are unsuccessful in establishing an infection.
This is an example of nonhost resistance which is
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an active mechanism where the cell wall provides
a physical barrier at the site of the pathogen
attempting to penetrate by secreting deposits
known as papillae (Kwon et al. 2008). The
genetic screening of Arabidopsis identified a
defective nonhost resistance mutants called as
pen mutants (having increased penetration of
pathogen), and among these penl mutant was
discovered with mutation in SYP121 gene. To
find again SYP121 may look surprising, but
biotic and abiotic stress have many common
points. However, the precise function of SYP121
in pathogen resistance is not yet clear. In barley it
has been seen that the cells below the site of
infection have hydrogen peroxide filled in their
vesicles, but these vesicles were decreased in
ROR2 mutant (SYPI21-homologue). Due to the
decrease in vesicles in ROR2 mutants, they were
more susceptible to fungal penetration, because
of the fact that vesicles potentially function in
cross-linking of the cell wall components in
response to the attempts of infection. It was also
found that the Arabidopsis SYP121 was more
susceptible to infection due to the delay in
fungus-induced formation of papillae. These
mutants also had an increase in the expression of
PR-1 (pathogen response gene) and SA (salicylic
acid). The increase in SA (a signal molecule in
defense pathway) in these mutants suggests that
SYPI21 acts as a regulator of SA-mediated
defense pathway. These findings indicate that
SYPI121 may have distinct and opposite roles in
modulating several different pathogen-responsive
pathways.

Another SNARE SYP122 is regulated in a
different manner in spite of being very similar
to SYP121 (Grefen and Blatt 2008). The expres-
sion of SYP122 is induced by viral, bacterial,
and fungal infections. In response to flg22
(a bacterial elicitor) it showed rapid phosphory-
lation that may suggest its role in pathogen
defense like its compatriot SYP121. However, the
SYP121 phosphorylation takes place in response
to Avr9 (race-specific elicitor) and not flg22
(4 in Fig. 2.2). Furthermore, the SYP121 mutants
did not show any detectable defects in disease
resistance like the SYP121. The double-mutant
SYP121/122 indicated overlapping of individual

47

function of SYP121 and SYP122. Further, unlike
either of the mutants, the double mutant
SYP121/122 was dwarfed, developed necrosis in
patches, and had higher levels of SA and PR-1.
These studies suggest that SYP121 and SYP122
are functionally distinct (Rehman et al. 2008)
and they can partially substitute for one another.

A third plasma membrane syntaxin that was
the object of deeper studies, SYP132, has also
been implicated in defense response against the
bacterial infection. It is also phosphorylated upon
elicitor treatment and thus suggesting that phos-
phorylation may be a general phenomenon required
for regulation of defense-related SNARE:s.
Probably many of the secretory SNAREs are
multifunctional proteins which under the normal
conditions are having a role in the general secre-
tory pathway. But during the pathogen attack,
they are recruited to defend the cells and are
required for delivery of cell wall material and
defense proteins during the infection. In fact the
expression of SNAP33 a Qa+Qb partner of both
SYP121 and SYP122 is also induced by pathogen
attack, and its knockout mutants are dwarfed and
develop necrotic lesions.

2.4.1 Plant-Symbiont Interactions

During the endosymbiotic interactions the host
forms the specialized membrane compartments.
There are two well-studied situations which are
of agricultural as well as ecological relevance:
firstly the arbuscular mycorrhizal symbiosis and
the second rhizobium-legume symbiosis. In both
of these cases the host produces the specialized
membrane surrounding the microbes to form a
symbiotic interface which facilitates the exchange
of nutrients. Despite their importance, the mech-
anisms for the formation of these specialized
membrane interfaces are largely unknown (Lipka
et al. 2007). There is little information about the
role of SNARE:S in these symbiotic relationships.
In the legume species (Lotus japonicus) it
has been reported that one of the LjSYP32
isogenes (LjSYP32-1) which encodes orthologs
of the AtSYP32 syntaxin appears to function in
root nodule development. The AzSYP32 and
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LjSYP32-1 are expressed ubiquitously but having
a preference for roots. The transgenic antisense
Lotus lines proved that this protein has in fact a
role in plant development as well as root nodule
organogenesis.

The Medicago truncatula MtSYP132, an
ortholog of AtSYP132, was shown localized in
root nodules in the specialized symbiosome
membranes of the so-called infection threads and
infection droplets. Finally, the R-SNARE exocy-
totic vesicle-associated membrane proteins
(VAMPs) are also required for the formation of
the membrane at the symbiotic interface in both
interactions.

2.5 Conclusion

We have seen SNAREs taking part to receptor
turnover through endocytosis and exocytosis, we
have seen them gating channels (e.g., KAT1),
and recent experiments also suggest the regula-
tion of proton pumps activity. These mechanisms
have a clear effect on signaling. Moreover
SNAREs phosphorylation upon elicitation and
hormonal control confirm that future studies on
signaling will find more and more evidences
about the role of these proteins in all signaling
processes.
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Plant Rab GTPases in Membrane
Trafficking and Signalling
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Abstract

In the eukaryotic systems the membrane trafficking inside the cells is
indispensible. The membrane trafficking is a highly regulated process in
which various molecular machineries are involved. It involves the vesicle
formation, tethering, and finally fusion. According to the phylogenetic
analysis, these processes are highly conserved among various organisms.
This suggests the acquisition of common ancestral lineages by eukaryotes.
In addition, to the similarity in components of trafficking in eukaryotes,
each organism has also acquired various specific regulatory molecules
which ascertain the diversification to membrane trafficking. In this review
we summarize the progress in recent times about the plant-specific Rab
GTPases in membrane trafficking events. Rab GTPases are a diverse group
which are involved in various processes of membrane trafficking. Further,
there are some reports which suggest Rab GTPases’ role in signalling
pathways involving light, hormones, biotic, and abiotic stresses. Despite
these there is still some inhibition among the scientific community to
ascribe the latter roles to Rab GTPases with certainty even though the
membrane trafficking events are integrated with signalling.
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The GTP-binding proteins are known to regulate
several processes such as signalling, organiza-
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GTP-binding proteins from activated form
(GTP-bound) to inactivated form (GDP-bound)
allows them to function as molecular switches.
Inactivation of these proteins takes place by GTP
hydrolysis to form GDP. This cycling mecha-
nism between active forms to inactive form is
said to be ubiquitous in eukaryotic systems. The
members of GTPase (GTP-binding protein)
class belong to families of signalling proteins.
This family of proteins is reported to be evolu-
tionarily conserved, and these proteins possess
functional homologues among the different
groups of organisms such as plants, yeasts, and
humans. Thus, their importance in cell signalling
processes cannot be underscored. The GTP
hydrolysis in these regulatory proteins is con-
served; however, the other domains in these pro-
teins have been reported to be variable which
undergo conformational changes during switch-
ing from active state to inactive state. The
changes in the protein conformations have been
advantageous to eukaryotes in regulating numer-
ous cellular processes (Takai et al. 2001). These
molecular switches are controlled physiologi-
cally through their association with guanine
nucleotide exchange factors (GEFs). These
GEFs are accessory proteins which are involved
in catalyzing the conversion to active conforma-
tion of GTP-binding protein (Vernoud et al.
2003). After activation these small GTPases
interact with several effector proteins which per-
form several cellular functions. The inactivation
process takes place either intrinsically wherein
hydrolysis of GTP to GDP+Pi is performed by
GTP-binding protein itself or by attaching with
accessory proteins (GTPase-activating proteins:
GAPs) which help in stimulating the hydrolysis
activity. After GTP hydrolysis the GTP-binding
protein returns back to inactive state and becomes
ready for other cycle. The GTPase is a large
superfamily and based on various structural and
functional similarities among the member’s five
distinctive families have been established. These
families include Arf, Ras, Rho, Ran, and Rab
(Kahn et al. 1992). The Ras GTPase members
are reported in regulating the cell proliferation in
mammalian and yeast systems. The Rho GTPases
are reported to have the role in cytoskeleton
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organization such actin reorganization and in
MAP kinase-associated signalling pathways.
The members of Rab GTPases and Arf GTPases
have been shown to function particularly in
membrane trafficking steps. The other members
such as Ran GTPases (nuclear proteins) and Ras
GTPases have been shown to be responsible for
protein/RNA transport regulation across the
nuclear membrane. The individual members of
Arf, Ras, Rho, Ran, and Rab families share high
sequence conservation among themselves than
with other small GTPase families as reported in
yeast (Saccharomyces cerevisiae, Saccharomyces
pombe), nematode (Caenorhabditis elegans),
thale cress (Arabidopsis thaliana), fruit fly
(Drosophila melanogaster), and human (Homo
sapiens). Vernoud et al. (2003) have given
description of identity and classification of GTP-
binding proteins based on phylogenetic analysis
in Arabidopsis classifying all proteins within
four groups, viz., Rab GTPases, Arf GTPases,
Rho GTPases, and Ran GTPases. There are no Ras
GTPases in Arabidopsis which reflects that plants
have unique mechanisms for signal transduction
during development (Meyerowitz 1999, 2002).

3.1.2 Arabidopsis Rab GTPase
Family

The Rab GTPases is the largest family among the
superfamily of small GTP-binding proteins. The
roles of the individual GTP-binding proteins in
intracellular membrane trafficking have been
ascribed by diversity of experiments in vitro as
well as in vivo. The Rab GTPases in plants appear
to have followed such diversification and evolu-
tion that it has been found that there are 57 Rab
GTPases in Arabidopsis thaliana genome
(Table 3.1) (Vernoud et al. 2003; Pereira-Leal
and Seabra 2001). These Rab GTPases are classi-
fied into 8 groups from RABA-RABH. These
groups have been shown to have sequence and
functional similarity with the mammalian Rabs
(RABI1,2,3,5,6,7,8, 11, and 18) (Vernoud et al.
2003; Rutherford and Moore 2002). These above
groups of Rabs have been reported to be present
in most land plants. However, there are few plants
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Table 3.1 Arabidopsis thaliana Rab GTPases: subclasses, homology with mammalian and yeast systems and the

probable function in plants

Arabidopsis
thaliana Rab Counterparts
GTPases Subclasses in mammals
RabA RabAl (a,b,c,d,e,g,h,i) Rabll (Rablla,
RabA2 (a,b,c,d) Rabl11b); Rab25
RabA3;
RabA4 (a,b,c,d,e)
RabAS5 (a,b,c,d,e)
RabA®6 (a,b)
RabB RabBl1 (a,b,c) Rab2
RabC RabCl1, RabC2 (a,b) Rabl18
RabD RabD1, RabD2 (a,b,c) Rabl
RabE RabEl (a,b,c,d,e) Rab8, Rab10
RabF RabF1, RabF2 (a,b) Rab5, Rab22
RabG RabG1, RabG2, Rab7
RabG3 (a,b,c.d,e,f)
RabH RabH1a, RabHle Rab6

Counterparts in

yeast (Saccharomyces
cerevisiae)
Ypt31/Ypt32, Ypt3

(S. Pombe)

Probable function in plants

Diverse functions due to
several groups. Associated
with Golgi vesicles and
TGN and endosome
Golgi-PM trafficking also
involved in signalling?

ER and Golgi apparatus
(both anterograde and
retrograde)

ER-Golgi trafficking

Lack of evidence
ER-to-Golgi trafficking
Post-Golgi transport

to the PM

Endocytosis and
endocytic-sorting pathways

Not seen

Not seen
Yptl (also in S.pombe)
Sec4, Ypt2 (S.pombe)

Ypt51/Ypt52/Ypt53, YptlO,
Ypt5 (S. Pombe)

Ypt7 (also in S. pombe) Transport to the vacuole/
lysosome osmotic stress
Golgi to ER stress
responses

Ypt6,Ryhl (S.pombe)

For details refer to Lycett (2008), Rutherford and Moore (2002), and Vernoud et al. (2003)

where there are additional Rabs, but their functions
are yet unknown (Banks et al. 2011). The land
plants have one unique distinction in having the
expanded group of RABA/RAB11 (Rutherford
and Moore 2002). It has been shown in A. thali-
ana that out of 57 Rab GTPases, 26 belong to
RABA/RABI11 group. These 26 Rab GTPases of
RABA/RABI11 group are further subdivided into
six groups: RABA1, RABA2, RABA3, RABA4,
RABAS, and RABA6 (Rutherford and Moore
2002). In contrast among the 66 Rab GTPases
known in Homo sapiens, three belong to Rab11
group, and among the 11 Rab GTPases known in
Saccharomyces cerevisiae, only two belong to
the Rab11 group (Stenmark and Olkkonen 2001;
Pereira-Leal and Seabra 2001). The RABA/
RABI11 group is diverse in land plants, and this
diversity points to the fact the individual mem-
bers have acquired role in unique functions. The
uniqueness in function has been shown with sev-
eral studies, e.g., in the cell plate formation
RABA2 and RABA3 are essential (Chow et al.

2008). Similarly, for tip growth processes in root
hairs and pollen tubes, RABA1 and RABA4 are
essential (Szumlanski and Nielsen 2009; de
Graaf et al. 2005; Preuss et al. 2004). Additionally
the members of the plant RABA have been
reported to show localization around trans-Golgi
network (TGN) (Szumlanski and Nielsen 2009)
which is also thought to act as the endosomes in
plant cells (Viotti et al. 2010). Indeed the mem-
bers of Rabl1 from yeast and animals have also
been shown to function at various steps in post-
Golgi trafficking pathways (Strickland and
Burgess 2004).

Among the Ras superfamily the Rab GTPase
family is the largest, and these are acting as
molecular switches which act as the regulators in
cellular transport, thus helping in the vesicle tar-
geting and tethering to cellular membranes.
These processes take place by conformational
changes in Rab GTPases from active state (GTP-
bound) to inactive state (GDP-bound) (Saito and
Ueda 2009) (Fig. 3.1). The activation reaction
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Fig. 3.1 The figure depicts the cycle of Rab GTPases
between the cytosolic inactive forms to the membrane-bound
active form. The GDP-bound Rab GTPase is cytosolic and
exists in Rab GDI complex. This complex is recruited to the
membrane by Rab GDI — displacement factors. The Rab
escort protein (REP) is required for the prenylation of Rab
proteins, and the REP has been known to recognize the
newly synthesized Rab protein in the GDP-bound form.
Subsequently the specific guanine nucleotide exchange
factors (GEFs) are recruited which help in converting the

of Rab GTPases (GTP-binding) is catalyzed by
guanine exchange factor (GEF). The Rab
GTPases are shown to interact with multi-sub-
unit complexes and proteins, and among these
interactors some have been shown to act as effec-
tors. The interacting multi-subunit complexes of
Rab GTPases include exocyst, HOPS, TRAPP,
and the interacting fibrous proteins include
EEA1 and P115/USolp (Markgraf et al. 2007;
Cai et al. 2007). The interaction of Rab GTPases
with effectors invokes the downstream reactions
which help in tethering of vesicles (Transport
carriers) to target membranes within the cells
(Grosshans et al. 2006). The Rab GTPases have
been shown to have higher degrees of phyloge-
netic diversification (Pereira-Leal and Seabra

protein to GTP-bound form. This GTP-bound form is
insensitive towards the GDI removal at the membrane, and
in this form these Rab proteins can recruit the effectors.
Finally the GTPase-activating proteins (GAPs) are necessary
for the GTPase activity of the Rab protein. After it performs
its function, it cycles back to inactive GDP-bound form
which is ultimately taken away from the membrane by
GDI (Behnia and Munro 2005; Grosshans et al. 20006;
Markgraf et al. 2007; Magee and Seabra 2003; Olkkonen
and Stenmark 1997; Pereira-Leal and Seabra 2001)

2001), and among the class of molecules
involved in tethering processes, they are expected
to have played important roles in endomembrane
system diversification (Elias 2010). The diversi-
fication is such that it was suggested based on
genomic analysis that the common eukaryotic
ancestor might have about 23 groups of Rab
GTPases (Elias et al. 2012). This number of
groups is even more than found in living eukary-
otes including the plants (Fujimoto and Ueda
2012). Thus based on the above findings, it may
be mentioned that during the course of evolu-
tion, some Rab GTPases were lost and at the
same time some Rab GTPases were acquired by
eukaryotic organisms (Fujimoto and Ueda 2012)
(Table 3.2).
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3.2 Membrane Attachment

of Rab GTPases

The membrane attachment of Rab GTPases has
been reported to be helped by C20 prenyl groups
which get attached to two cysteines at the carboxy
terminal (Magee and Seabra 2003). The Rab GDP
protein is present as Rab GDI (GDP-displacement
inhibitor) cytosolic complex, masking the prenyl
groups. The recruitment of Rabs to the membrane
takes place by the interaction with Rab GDI-
displacement factors. Following this, recruitment
of specific guanine nucleotide exchange factors
(GEFs) takes place which are necessary for con-
verting the protein to GTP-bound form. This
GTP-bound form is immune towards GDI
removal, and in this active form these Rab pro-
teins can recruit the effectors at the membrane.
Finally for the GTPase activity of the Rab protein,
the GTPase-activating proteins (GAPSs) are neces-
sary. The active form of Rab protein cycles back
to inactive GDP-bound form after performing its
function and after that the latter taken away from
the membrane by GDI ultimately (Markgraf et al.
2007; Grosshans et al. 2006; Behnia and Munro
2005; Magee and Seabra 2003; Olkkonen and
Stenmark 1997) (Fig. 3.1).

3.2.1 The Rab Prenylation for

Membrane Recruitment

For the prenylation of Rab proteins, the Rab escort
protein (REP) is required, and these are known for
recognizing the newly synthesized GDP-bound
form of Rab protein. The acquiring of GDP-bound
form by REP would depend on the GTP hydroly-
sis of the GTPases (Pereira-Leal and Seabra 2001;
Pereira-Leal et al. 2001) (Fig. 3.1). The Rab-REP
complex first binds to Rab GGTase followed by
the geranylgeranyl-pyrophosphate (GGPP). The
later GGPP is reported to increase the affinity of
GGTase towards the Rab-REP complex. These
have been confirmed with Arabidopsis REP
which was shown to interact with Rab proteins in
GDP-bound form (in tobacco, Arabidopsis, and
yeast) and thus stimulating geranylgeranylation in
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plant extracts (Wojtas et al. 2007; Hala et al. 2005).
The phylogenetic analysis reports suggest that
REP and GDIs are separate but the REP is related
to Rab GDI based on the similarity in structure.
This similarity has led to the suggestion that REP
and GDIs might have a common evolutionary
protein precursor (Hala et al. 2005).

The Yip/PRA1 family members from yeast
and mammals have been shown to recruit Rab
proteins to the membranes by displacing GDI
(Sivars et al. 2003). These membrane proteins
are 200 amino acids in length having four trans-
membrane (TM) domains. Furthermore, certain
members of the Yip/PRA1 family are shown to
bind with geranylgeranyl groups (Magee and
Seabra 2003). Further, it has been shown that
by adding one prenyl moiety to soluble Rab
protein initiates an interaction with PRA1/Yip3
(Figueroa et al. 2001). There are 19 members in
the Arabidopsis PRA1 family grouped into eight
clades (AtPRA1.A-AtPRA1H), and most of these
proteins form homo and heterodimers (Alvim
Kamei et al. 2008).

3.3  Rab-Effector Proteins

There is a diversity in Rab effectors which
include tethering factors, enzymes of phosphati-
dylinositol metabolism, the myosins, the kines-
ins, and regulators of SNARE protein assembly
complex (Markgraf et al. 2007; Grosshans et al.
2006; Behnia and Munro 2005). Many Rab effec-
tors have been characterized in recent years, and
these were expected to be conserved and show
similar function in all organisms like the Rab
GTPases, but this was not the case. Structurally
the Rab effectors are seen to be heterogenous
which makes it difficult to identify them on
sequence similarity only (Zerial and McBride
2001). In Arabidopsis thaliana some Rab effec-
tors which belong to lipid kinases have been
identified (Christoforidis et al. 1999). Further, the
Rab effectors in Arabidopsis as well as several
other cases have been shown to be associated
with zinc finger domains (Heras and Drobak 2002;
Jensen et al. 2001; Christoforidis et al. 1999;
Simonsen et al. 1998).
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Rab-Effector Proteins in Yeast
and Animals

3.3.1

In the identification of Rab effectors, significant
progress has been made in yeast and animal
systems (Pfeffer 2007; Grosshans et al. 2006;
Zerial and McBride 2001). The Rab GTPases
were earlier reported to function in the regulation
of recognition to fusion events on the membranes
(Novick and Brennwald 1993; Salminen and
Novick 1987). However off late the additional
roles have been ascribed to Rab GTPases upon
Rab-effector identifications. These new roles in
membrane trafficking are vesicle formation,
recruitment of motor proteins of cytoskeleton,
and tethering and fusion (Hoepfner et al. 2005;
Wagner et al. 2002; Carroll et al. 2001; Moyer
et al. 2001; Nielsen et al. 1999, 2000;
Christoforidis et al. 1999; Guo et al. 1999; Tall
et al. 1999; Echard et al. 1998; Wu et al. 1998).
The recruitment of Rab effectors and other pro-
teins to the membrane starts with the phosphory-
lation of phosphatidylinositol (PtdIns) to yield
phosphoinositides (PIs), and the phosphorylation
reaction takes place in the inositol ring (3,4, and
5 carbon positions). Several PI kinases and
phosphatases which are involved in regulation of
the PI metabolism are activated by Rab GTPases.
The PI 3-kinase (Class III) in mammals has been
shown to be an effector of RABS and RAB7. These
PI 3-kinases on the endosomes phosphorylate
PtdIns to PtdIns 3-phosphate (PtdIns(3)P). Further,
INPP5B which is known to dephosphorylate
PtdIns(4,5)P2 to make PtdIns(4)P has been
found to be an effector of many Rab GTPases.
The PI 3-kinase (Class I) at the plasma mem-
brane has been shown to be an effector of
RABS, and it phosphorylates PtdIns(4,5)P2 to
make PtdIns 3,4,5-trisphosphate (PtdIns(3,4,5)P3).
Furthermore the phosphatides PI 5-phosphatase
(RABS effector) and OCRLI (multiple Rabs
effector) at the plasma membrane are involved
in dephosphorylation of PtdIns(3,4,5)P3 to
PtdIns(3,4)P2. Finally, the PI 4-phosphatase
(effector of RABS) at the plasma membrane is
involved in dephosphorylation of PtdIns(3,4)P2
to PtdIns(3)P (Shin et al. 2005; Christoforidis
et al. 1999) (Fig. 3.2).

3.3.2 Rab-Effector Proteins in Plants

There is very little information about the Rab
effectors in plants (Woollard and Moore 2008),
and very few have been identified and character-
ized. In A. thaliana two well-characterized
effector proteins are membrane-associated phos-
phatidylinositol 4-kinases (AtPI4, kp1, and AtP14
kB2). These PI 4-kinases have been shown to
interact with RabA4b GTPase to control the traf-
ficking from post-Golgi to plasma membrane in
root hair tips (Nielsen et al. 2008). The double
mutants of AtPI4 k1 and AtPI4 kP2 genes exhib-
ited reduction in vesicle formation, and it resulted
in enlargement of vacuoles and the aberrant
growth of root hairs (Preuss et al. 2006). Further,
in Arabidopsis thaliana the phosphatidylinositol-
4-phosphate 5-kinase 2 (PIP5SK2) has been shown
to interact with all RabE subclass members. This
interaction has been proposed to stimulate the
production of PtdIns(4,5)P2 (temporally and
spatially localized) at the plasma membrane
(Camacho et al. 2009). The Arabidopsis PtdIns(4)
P 5-kinases are involved in various cellular pro-
cesses such as the apical (tip) growth, stress, and
signalling, but their role in regulation of mem-
brane binding is not yet clear (Ischebeck et al.
2008; Kusano et al. 2008; Sousa et al. 2008;
Stenzel et al. 2008; Lee et al. 2007; Lou et al.
2007; Mikami et al. 1998). In plants the RabE
proteins interact with the type I subfamily B of
PtdIns(4)P 5-kinases via the MORN domain
which helps in the plasma membrane localization
(Camacho et al. 2009). These domains have been
shown in Rab5 GEF ALS2 of mammals, and these
have a role in GEF activity (Otomo et al. 2003).
So, based on these studies it has been proposed
that these effectors of Rab GTPases might have a
significantly prominent role in organization of
endomembrane trafficking (Thole and Nielsen
2008; Zarsky et al. 2009). Furthermore, for the
Rab-effector function there exist domains for
lipid binding which provided the specificity for
localization, e.g., the GFP-2xFYVE domains
have been shown localized to endosomes indicat-
ing the selectivity for PI-3P (Simonsen et al.
1998; Christoforidis et al. 1999; Voigt et al. 2005).
As is evident from above, GTP-binding and
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Fig. 3.2 Phosphoinositides regulation by Rab GTPases.
The recruitment of Rab effectors and other proteins to the
membrane starts with the phosphorylation of phosphati-
dylinositol (PtdIns) to yield phosphoinositides (PIs). In this
reaction the hydroxyl groups are phosphorylated at the 3, 4,
and 5 carbon positions of the inositol ring. It has been
reported that many PI kinases and phosphatases involved in
the regulation of PI metabolism are activated by Rab
GTPases. In mammals it has been shown that PI 3-kinase
(Class III) is an effector of RABS and RAB7, and it phos-
phorylates PtdIns to PtdIns-3-phosphate (PtdIns(3)P) on
endosomes. Further, INPP5B has been found to be an effec-

hydrolysis are necessary for the regulatory func-
tion of Rab GTPases. These studies clearly reveal
that Rab GTPases must recruit and then interact
with the effector proteins in the cytosol for carry-
ing out the regulatory functional role in mem-
brane trafficking. The GDP-GTP exchange in Rab
GTPases is regulatory mechanisms and the two
forms (active and inactive) exist in equilibrium,
and this balance can be manipulated. It has been
shown that the mutations can lead to the forma-
tion of constitutively active (CA) or dominant
negative (DN) forms which can let the protein in
either active or inactive form. The overexpression
studies with these CA or DN proteins have helped
in understanding the function. Many studies

—D
) Pi 5-phosphatase )  QEENED GEEED OCRL1

Multiple

Rabs

tor of multiple Rab GTPases, and it is known to dephos-
phorylate PtdIns(4,5)P2 to make PtdIns(4)P. Also, PI
3-kinase (Class I) has been shown to be an effector of
RABS, and it phosphorylates PtdIns(4,5)P2 to make
PtdIns-3,4,5-trisphosphate (PtdIns(3,4,5)P3) at the plasma
membrane. Furthermore the phosphatides PI5-phosphatase
which is an RABS effector and OCRLI which is effector to
multiple Rabs are involved in dephosphorylation of
PtdIns(3,4,5)P3 to PtdIns(3,4) P2 at the plasma membrane.
Another effector of RABS at the plasma membrane is PI
4-phosphatase which is involved in dephosphorylation of
PtdIns(3,4)P2 to PtdIns(3)P (Adapted from Stenmark 2009)

expressing these variant plant Rab GTPases (such
as Arabidopsis AtRabD2a, AtRabF1, AtRabF2b,
AtRab4b, and Nicotiana tabacum Rab2) have
shown that the Rab regulatory pathway is con-
served in eukaryotes (Ueda et al. 2004; Grebe
et al. 2003; Batoko et al. 2000).

3.4 Rabsas Regulators

of SNAREs

The Rab GTPases are specifically distributed on
various cellular membranes, and it has been
hypothesized that specific Rab GTPases along
with specific SNARE:s at a particular location in
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the cell provide specificity for membrane fusion
(Rehman et al. 2008; Stenmark and Olkkonen
2001; Zerial and McBride 2001), and for this to
happen the Rab cycle should be coordinating
along with SNAREs (known components of
membrane trafficking events). The GTP hydroly-
sis process enables the syntaxin (a key element in
SNARE complex) of the SNARE complex to
bind to the vesicle during docking. It has been
postulated that during the secretory process
which involves a particular SNARE complex
comprising of specific syntaxins may eventually
coordinate with a specific Rab (Rehman et al.
2008). By transforming the dominant negative
mutants of tomato LeRabl1 in Nicotiana taba-
cum protoplasts, it was shown that LeRabll
localized in the trans-Golgi network (TGN). The
dominant negative (DN) mutant of LeRab11 was
used along with specific plasma membrane syn-
taxins (SYP121 and SYP122). The co-expression
of LeRab11 with two plasma membrane syntax-
ins revealed the appearance of endosomes along
with SYP121 and the localization to endoplasmic
reticulum along with dotted structures with
SYP122. The secretion studies involving
secRGUS (Di Sansebastiano et al. 2007) along
with the LeRabll alone, dominant negative
LeRabl1, and specific syntaxins SYP121 and
SYPI122 suggested that the Rabl1 is regulating
the anterograde cellular transport from the trans-
Golgi network (TGN) to plasma membrane
(PM). This regulation of cellular transport by
LeRabl1 was shown to be differential involving
SYP122 only which suggests that these two indi-
vidual syntaxins drive different events (Rehman
et al. 2008) (Fig. 3.3).

3.5 Rab GTPases in Trafficking

Pathways

The Rab GTPases are reported to promote the
vesicle (transport carriers) and cytoskeletal inter-
actions (Segev 2001; Zerial and McBride 2001).
The members of the Rab GTPase family have
distinct roles in vesicle trafficking events
(Rutherford and Moore 2002), and sometimes an
individual member of the family can perform a
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Fig. 3.3 Rab proteins are GTPases cycling between a
cytosolic state (GDP-bound) and a membrane-bound
active state (GTP-bound). Specific Rab GTPases associate
with a particular endomembrane compartment and are
involved in specific vesicle transport steps. This figure
depicts the role of LeRabll in vesicle transport. The
LeRabl1 is localized on the trans-Golgi network and reg-
ulates the anterograde traffic to plasma membrane (PM).
The regulation of cellular transport by Rab11 was shown
to be differential involving SYP122 only and not SYP121
which suggests that these two individual syntaxins drive
different vesicle transport events (Rehman et al. 2008)

role in two distinctive steps in transport pathway
(Jedd et al. 1995). The regulatory roles in trans-
port processes by these Rab GTPases are per-
formed by them by interacting with large number
of regulatory and effector molecules. The regula-
tory and effector molecules help in the coupling
of GTP binding/hydrolysis to various processes
such as vesicle formation, tethering, and docking
(Zerial and McBride 2001; Segev 2001).
Another important secretory process is the
polarized secretion, and in Arabidopsis thali-
ana the Rab GTPases involved in these pro-
cesses are the AtRABE subfamily which
comprises of five members. These are homo-
logous to mammalian Rab8 and Rabl0
(Bischoff et al. 1999) and to Saccharomyces
cerevisiae Sec4 and Saccharomyces pombe Ypt2
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(Rutherford and Moore 2002). These proteins
involved in transport processes from post Golgi
to plasma membrane (PM) may have a role in
plant-pathogen interactions (Vernoud et al.
2003) as evidenced by interaction of tomato
plant (Lycopersicon esculentum) proteins with
pathogen (Pseudomonas sp.) a virulence pro-
tein (avrPto). This study identified a RabE sub-
family member similar to mammalian Rab8
(Bogdanove and Martin 2000). This study
inferred that in susceptible plants the avrPto
might be interfering with membrane trafficking
pathway regulated by a RabE member (Vernoud
et al. 2003).

3.6 Rab GTPases in Signalling

RabA subclass is the most diversified among the
plant Rab GTPases families which might have
taken place to fulfil multiple functions in the
plants. Among these functions could be the facil-
itation in the processes of protein distribution of
plasma membrane (actin-dependent) to and from
internal compartments (Swarup et al. 2001;
Geldner et al. 2001; Steinmann et al. 1999). It
has been shown that Rabl1 and Ypt 32 help in
the interaction of actin cytoskeleton to mem-
branes (Lapierre et al. 2001; Ortiz et al. 2002).
The motility of organelles in animal cells is
microtubule based, while as in plant cells it is
actin based. The actin-based motility is said to
be complex which might be the reason for RabA
subclass diversification in plants (Rutherford
and Moore 2002). Arabidopsis AtRabAS5SC
(ARA4) has been expressed in yeast ypt mutants
to study the interaction with the regulatory fac-
tors (Ueda et al. 2000). These overexpression
and antisense studies of the members of RabA
subclass have resulted in various morphological
as well as developmental phenotypes (Lu et al.
2001). In a study involving the pea (Pisum sati-
vum) RabA3 (Pra2) protein expression in
Nicotiana tabacum, tobacco showed the etiola-
tion response. The etiolation response was
shown to integrate the brassinosteroid and light
signalling pathways (Kang et al. 2001). It was
proposed that the Pra2 protein resides on the ER
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membrane and stimulated DDWF1 which can
catalyze a reaction step in brassinolide biosyn-
thesis (Kang et al. 2001). There is a serious dis-
cussion about the role of Pra2 in signalling. It
has been argued that there is a limited stimula-
tion DDWF1 activity and little interaction in
brassinosteroid content in the antisense Pra2
plants and thus cannot be yet concluded with
certainty the role of RabA3 sequences is in fact
directly involved in brassinosteroid signalling.
However, it has been argued on the basis of the
localization studies that RabA3 and RabA4 sub-
class members are acting on transport pathways
to vacuoles and the etiolation effect on brassino-
steroid metabolism may be an indirect effect by
these members leading to defects in vacuole
functioning (Schumacher et al. 1999; Inaba et al.
2002; Rutherford and Moore 2002). The role in
the growth and orientation of pollen tubes by
Rab GTPases thought to be direct by its interac-
tion with the exocyst. However, Ca?* is known
for its role in pollen tube orientation and growth,
and thus the Ca?* signalling is also thought to be
involved in these systems (Lycett 2008). Further
the Arabidopsis thaliana AtRabA4b interaction
with PI-4Kb1(phosphatidylinositol-4-OH kinase)
was shown by employing the yeast two hybrid
system (Preuss et al. 2006). The Arabidopsis
thaliana AtRabA4b was also shown to colocal-
ize with PI-4Kbl(phosphatidylinositol-4-OH
kinase) in the root hairs. The PI-4Kbl1 in the root
hairs was shown to interact with Arabidopsis
thaliana AtCBL1 (calcineurin-like Ca®" sensor).
The T-DNA double insertion mutant of PI-4Kb1/
PI-4Kb2 showed abnormal root hairs, and upon
disturbing the Ca®* gradient by an ionophore
A23187 resulted in the RabA4d dispersion from
the tip (Preuss et al. 2006). The colocalization
study revealed the RabA4 interaction with
phosphatidylinositol-4-phosphate  phosphatase
in the (RHD4) root hair defective four mutants
which led to the conclusion that this association
may be responsible for regulating the levels of
phosphatidylinositol-4-phosphate in root hairs
(Thole et al. 2008). These studies make it clear
that Ca?* signalling is linked directly to Rab
whose action controls the cell wall secretion in
tip growing systems (Lycett 2008) (Fig. 3.4).
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Fig.3.4 The figure depicts the mechanism of interaction
among different phytohormones along with light and
flowering time. The figure is the general depiction of dif-
ferent signalling pathways as adapted from Fernandez
et al. (2009). The relevance of the figure to the current
review is the role of Rab GTPase in brassinosteroid bio-
synthesis. In Pisum sativum a G-protein PRA2 which is
regulated by light has been shown to regulate DDWARF.
The PRA2 gene encodes the Rab GTPase, while as the
DDWAREF is a cytochrome P450 which is involved in
the oxidation step of the brassinosteroid (BR) pathway
and thereby integrating the light and the BR signals. The
role of BRs in ethylene biosynthesis is stabilizing the
1-aminocyclopropane-1-carboxylate synthase 5 (ACSS).
The ACSS enzyme is involved in synthesis of 1-aminocy-
clopropane-1-carboxylic acid (ACC) an ethylene precursor.
The auxin and BR signalling is integrated by the auxin

3.7 Rab GTPases in Cell Wall

Biogenesis and Metabolism

The cell wall synthesis and the modification con-
stantly require the cell wall polymers and
enzymes. These cell wall components need to be
transported or targeted to their location, since the
Rab GTPases are known regulators of the vesicle
trafficking and thus they have a definite role in
the cell wall metabolism (Lycett 2008; Rutherford
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response factor (ARF2). The ABA signalling has been
shown to promote the BES1 phosphorylation and thus
inhibit BR signalling. The link between BR and GA path-
ways is provided by the GAST family gene (as shown in
rice OsGSR1) which activates BR biosynthesis DIM1/
DWF1 gene. The BR signalling and flowering time con-
trol might be linked by two putative histone demethylases
ELF6 and REF6 (early flowering 6 and relative of early
flowering 6). The light regulates gene expression and cell
elongation. The DELLA proteins bind to PIFs (phyto-
chrome interacting factors) transcription factors in the
absence of GA and get inhibited. The degradation of
DELLA proteins releases the PIFs and allows gene
expression. The phytochromes bind to a PIF member and
trigger its degradation in presence of light (For detailed
review refer to Fernandez et al. 2009) (Source: Adapted
from Fernandez et al. 2009)

and Moore 2002). In general biosynthesis of cell
wall polymers is known to take place in the Golgi
apparatus, but the callose and cellulose are syn-
thesized on the plasma membrane (Lycett 2008).
Several plant systems (root tip and pollen tube
growth, fruit softening, root nodule development)
have been studied for the secretion of cell wall
polymers and their modifying enzymes. It has
been seen that Rab GTPases are highly expressed
in these systems and thus are bound to be
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important for the trafficking regulation to the cell
wall. Among the Rab GTPases the role of RabA
members has been ascertained in this respect.
It has been seen that majority of the proteins and
enzymes bound for cell wall have signal peptides,
i.e., N-terminal signal sequences, and their
glycosylation occurs in the Golgi (Bayer et al.
2006; Zhu et al. 2006; Boudart et al. 2005;
Kwon et al. 2005; Watson et al. 2004; Johnson
et al. 2003; Chivasa et al. 2002). These are the
strong indications that the protein moment takes
place along the endomembrane system (EM)
during their synthesis and their transport is bound
to take place via the vesicles which are regulated
by Rab GTPase (Lycett 2008). The elements of
Rab GTPases are shown expressing in fruits,
and three Rabl proteins were identified in
tomato (Lycopersicon esculentum), and among
these LeRab1C is expressed in unripe fruits, and
LeRablA and LeRablB are expressed in ripe
fruits (Abbal et al. 2008; Park et al. 2006; Lu
et al. 2001; Zegzouti et al. 1999; Loraine et al.
1996; Zainal et al. 1996). Furthermore, preferen-
tial expression of the Rab8 and Rab11 has been
shown in tomato (Zegzouti et al. 1999; Lu et al.
2001). The apple fruit has also been seen to pos-
sess the same classes of Rabs (Park et al. 2006).
Thus the role of Rab GTPases has been suggested
in fruit softening by regulating the secretion of
cell wall modifying enzymes (Loraine et al.
1996; Zainal et al. 1996). The LeRab11a tomato
orthologue silencing resulted in the fruit which
remained firm for a longer time period (Lu et al.
2001); however, many developmental and physi-
ological differences were seen in these antisense
tomato plants which were said to be due to over-
expression of Rabll GTPases (Kamada et al.
1992; Sano et al. 1994; Aspuria et al. 1995). The
abnormal effects were thought to be due to the
alteration in trafficking towards the cell wall
resulting because of misdirection of protein and
hormone carriers/receptors (Lycett 2008; Lu
et al. 2001).

Further, in N. tabacum leaf protoplasts, the
LeRabl1a was trans-Golgi network (TGN) asso-
ciated, and the dominant negative (DN) mutants
of LeRab11 were shown inhibiting exocytosis to
plasma membrane (PM) (Rehman et al. 2008).
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In other study on A. thaliana root tips, the
AtRabA2 and AtRabA3 labelled the cell plate
and the dominant negative (DN) mutants dis-
rupted the patterns of cell division indicating
their involvement in trafficking to cell plates
during the process of mitosis. Further, one domi-
nant negative (DN) mutant targeted periphery in
interphase cells, and thus it was inferred that
they might also have a role in Golgi to plasma
membrane trafficking (Chow et al. 2008). These
studies indicate to the presence of several traf-
ficking routes which might be somewhat over-
lapping and regulated in part by several classes
of Rab GTPases (Lycett 2008).

Role of Rab GTPases in Root
Nodules Formation

3.8

The process of root nodule formation involves
the growth and breakdown of cell wall. The role
of Rab GTPases in secretion control in root
nodule has been studied in soya bean, and thus
Rab7 GTPase and Rab1 GTPase were identified
in them (Cheon et al. 1993). Further in the nod-
ules of Lotus japonicus, 29Rab cDNAs were
isolated, and these comprised of seven copies
of Rabl1 (role in ER-Golgi transport), five cop-
ies of Rab8, and ten copies of Rabl1 (role in
Golgi/TGN secretion to apoplast) (Borg et al.
1997; Rutherford and Moore 2002; Vernoud
et al. 2003). Further, in the nodules of Medicago
sativa, Rabl1f was shown to be expressing
(Schiene et al. 2004), and other Rabl1 mem-
bers were shown to be involved in nodule for-
mation by a specific rhizobia (Meschini et al.
2008). The importance of the two Rabs, viz.,
Rabl and Rab7, in the nodulation process has
been shown by reverse genetic studies, and it
was shown that antisense Rab 1 and Rab7
resulted in reduced size of nodule and nitroge-
nase activity. The antisense expression of Rabl
resulted in reduction of bacteroids, release of
bacteroids, and cell expansion. The antisense
expression of Rab7 resulted in the suppression
of nodule which showed perinuclear accumula-
tion of late endosomes and multivesicular bodies
(Cheon et al. 1993).
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3.9 Rab GTPases in Tip Growth

The importance of Rab GTPases in tip growth
has also been investigated in root hairs and pol-
len. In A. thaliana root hairs, the AtRabF1 and
AtRabF2 are associated to endosomes (Voigt
et al. 2005), and in pollen the AtRabB1c (Rab2B)
was associated with ER-Golgi (Moore et al.
1997). The N. tabacum gene NtRab2 of the same
class expressed in both pollen and root hairs and
also the tissues secreting enzymes or other mate-
rials to the cell wall (Cheung et al. 2002). The
NtRab2 dominant negative (DN) prevented pro-
tein and invertase enzyme trafficking to the cell
surface and inhibiting the pollen tube growth.
These results show the importance of Rab
GTPases in trafficking of material for tip growth
(Lycett 2008). Further, the role of Rab11/RabA
class in these processes has also been character-
ized. It has been shown that the Medicago trun-
catula MtRab11G and A. thaliana AtRabA4b
are expressing in the root hairs (Preuss et al.
2004; Covitz et al. 1998, 2006). The AtRabA5Sc
showed expression in pollen tubes and localized
on Golgi cisternae, and vesicles derived from
trans-Golgi network (TGN) and Golgi (Ueda
et al. 1996a, b). The NtRab11b localized on the
cone-shaped region (rich in vesicles) in tobacco
pollen tube tips and the NtRabllb dominant-
negative mutant (DN) expression led to reduced
growth and fertility of pollen tubes (de Graaf
et al. 2005) which confirm that the above GTPase
is the key element for material delivery to the
growing cells. This GTPase also has a role in
pollen tube orientation as the dominant negative
mutation resulted in pollen tube deformations.
These phenotypic effects in N. tabacum pollen
tubes resulted due to the inhibition of endo/exo-
cytic vesicle targeting to tip cone region as well
as the inhibition in delivery of apoplastic cell
wall proteins. However, the phenotypes in N.
tabacum studies were not comparable to T-DNA
knockout studies of several A. thaliana Rabl1/
RabA GTPases (de Graaf et al. 2005) which may
be due to functional redundancy among this
class as ten RabA genes have been shown
expressing in pollen (Pina et al. 2005). The Rab8

is also implicated in transport from Golgi-
plasma membrane (PM), but its involvement
in pollen tubes remains to be determined
(Lycett 2008).

Rab GTPases in Abiotic
and Biotic Stresses

3.10

Plants are affected by the changes in the envi-
ronment and the attack by the pathogens. The
plant system responds to these by adaptation by
bringing about the changes at the physiological
as well as the biochemical levels. Even after the
high degree of adaptability shown by the plants
towards these adversities, there is a tremendous
loss in productivity and yield all over the world.
The understandings of the plant response which
help them to adapt against the different stress
are important. The studies and the understand-
ing of the molecular processes which are help-
ing in the regulation of the metabolic changes
taking place during stress regimes would enable
the scientists to develop stress tolerant plants.
The adaptations to stress inside the plant cell
might require the recycling, removal, and
replacing of proteins or molecules from one
compartment to another (Agarwal et al. 2009).
The cell organelles are bound to endomem-
brane system and are responsible for biosynthe-
sis of proteins, lipids, and polysaccharides. It
has a role as in cell wall biogenesis; it is impor-
tant for controlling development and in abiotic
and biotic stresses (Surpin and Raikhel 2004).
The vesicles and the endomembrane vesicles
play a very important role in protein transport
to and from organelles.

The connection between abiotic stress signal-
ling and endocytosis is not thoroughly studied,
but the role of endocytosis in regulation of abi-
otic stress responses has been reported (Vieria
et al. 1996). The involvement of N. tabacum
NtSypl, a vesicle trafficking component, is
shown as ABA-dependent secretion (Leyman
et al. 1999a, b, 2000) and nonhost pathogen
response, cell wall deposition (Assaad et al.
2004), and also pathogen-related processes
(Niihse et al. 2003).
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The connection between the endocytic and
the stress signalling processes is reported in
animal cells wherein it has been shown that
GDI:Rab5 acts as regulator (Cavalli et al.
2001). The signal transduction pathways mod-
ulate the cellular physiology to environmental
changes, and the GTP-binding protein expres-
sion during these stresses may be constitutive
or tissue specific (Agarwal et al. 2009).
However, it was found that the Oryza sativa
OsRab7 gene was expressed in root, leaf, and
stem (Nahm et al. 2003). It was shown that A.
thaliana AtRabG3e was expressed in all plant
parts during development (Mazel et al. 2004).
The environmental stresses have shown to dif-
ferentially regulate the Rab genes, and as such
the Rab2 transcript increased during deficit in
relative water content (RWC) in Sporobolus
stapfianus (a desiccation — tolerant plant). The
desiccation as well as rehydration was also
shown to increase the Rab2 transcript in S.
stapfianus roots and S. pyramidalis leaves
which indicates the activation of the endomem-
brane system and its role in the protection and
repair upon desiccation (O’Mahony and Oliver
1999). This notion is strengthened by the report
in S. stapfianus subjected to water stress (dehy-
dration/rehydration) showing the accumulation
of lipids (phosphatidylcholine and phosphati-
dylethanolamine) important for synthesis of
membrane (Quartacci et al. 1997). During the
salt stress a Rab GTPase belonging the Rab5
family was shown to express in M. crystalli-
num (Bolte et al. 2000).

Among the eukaryotic Rab GTPases, the F1
subclass Rab GTPases are unique in a way that
their association to the membrane takes place
by myristoylation/palmitoylation at the amino-
terminal rather than the geranylgeranylation at
the carboxy terminal (Rutherford and Moore
2002; Ueda et al. 2001). The RabF1 GTPases
have been identified in rice (O. sativa), lotus
(Lotus japonicus) (Borg et al. 1997), and M.
crystallinum. The RabF1 GTPase induction is
shown by salt stress in the halophyte M. crys-
tallinum (Bolte et al. 2000).

The inactive GDP-bound Rab GTPase is cyto-
solic, and the active GTP-bound Rab GTPase is
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membrane associated. The association to the
membrane is promoted by lipid modification in
Rab GTPases which takes place posttranslationally.
The Rab GDP-dissociation inhibitor protein (Rab
GDI) provides the stabilization to Rab GTPases
in cytosol, and in A. thaliana three Rab GDIs (At
RabGDI1-AtRabGDI3) have been identified. The
O. sativa OsRab7 was also shown to accumulate
upon cold, salt, and dehydration stresses. The
application of ABA exogenously also helped in
accumulation of the OsRab7 transcript (Nahm
et al. 2003). The combined treatment of superox-
ide and salicylic acid was shown to induce A.
thaliana Rab7 gene (Mazel et al. 2004; Gorvin
and Levine 2000). Similarly, upon salt, cold, and
dehydration stresses, there was an accumulation
of Pennisetum glaucum Rab7 gene (Agarwal
et al. 2008). All these reports of accumulation of
Rab transcripts upon subjecting the plant to dif-
ferent stresses suggest the involvement of Rabs in
adaptation responses. The constitutive overex-
pression of A. thaliana AtRab7 increased the
osmotic and salt stress tolerance as well as the
accumulation of reactive oxygen species (ROS)
during the salt stress (Mazel et al. 2004). The
increased tolerance to dehydration and salt stress
was also shown by N. tabacum expressing P.
glaucum PgRab7 gene (Agarwal et al. 2008). The
overexpressing of AtRab7 in A. thaliana plants
resulted in increased sodium content in shoots,
and Na* ion accumulation in vacuoles reduced
their toxicity (Mazel et al. 2004). The sodium
homeostasis regulation by Rab7 is not well
understood and needs further studies.

Further, the role of Rab GTPases in biotic
stress resistance has been shown by several
studies. The DDWF1 activity is regulated by
PRA2 (Kang et al. 2001) and in N. tabacum
there was induction of DDWFlorthologs by
phytopathogen inoculation or treatment with a
fungal elicitor (Ralston et al. 2001; Czernic
et al. 1996). Furthermore, the rgpl (rice rab-
related gene) overexpression studies showed the
relationship between pathogen and the wound-
induced transduction system (Sano et al. 1994)
which otherwise functions independently in the
normal plants (Agarwal et al. 2009). The over-
expressing rgpl rice lines had different wound
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Table 3.3 Functions of Rab genes in plants

Name of the gene Plant origin

AtRablb (AtRabD2a) A. thaliana

At-RAB2 (AtRabB1c) A. thaliana

ARAG6 (AtRabF1) A. thaliana

ARA7 (AtRabF2b) A. thaliana

RHAI1 (AtRabF2a) A. thaliana

A.tRAB6 (AtRabH1b) A. thaliana

AtRab7 (AtRabG3e) A. thaliana

RABEId (AtRabEl1d) A. thaliana

RabA4b (AtRabA4b) A. thaliana

NtRab2 N. tabacum

NtRab11b N. tabacum

LeRablla N. tabacum

OsRab7 O. sativa

OsRabl1 0. sativa

rgpl 0. sativa

PRA2 P. sativum

PRA3 P. sativum

PpRabl Maritime pine

srabl Soybean

SsRab2 Sporobolus stapfianus

Mcrab5b Mesembryanthemum
crystallinum

PgRab7 Pennisetum glaucum

vrab7 Vigna aconitifolia

response than the control plants by showing
increased tillering and reduced apical dominance.
These features were ascribed to the increase in the
levels of cytokinin in these plants but which thus
resulted in an increase in acidic pathogenesis-
related proteins. Upon wounding these plants
showed the increase in the inducers (salicylic
acid/salicylic acid pB-glucoside) of acidic patho-
genesis-related proteins. Further the increase in
SA results in suppression of mRNA level of
proteinase inhibitor II which in turn increases
tobacco mosaic virus (TMV) resistance (Sano
et al. 1994; Kang et al. 1994). These studies
strongly infer about Rab GTPases interfering

Function
ER/Golgi protein transport
Pollen development

Membrane fusion at
endosome

Vacuole trafficking
Vacuole trafficking
Vacuole trafficking
Abiotic stress tolerance

Membrane traffic to plasma
membrane

Polarized growth of root
hair cells

Pollen development

Tip-focused pollen tube
growth

Fruit maturation
Abiotic stress tolerance
Vacuole trafficking
Hormone regulation,

pathogen- and wound-induced

signalling

Brassinosteroid biosynthesis
Vesicle transport

Vesicle transport
Embryogenesis

Root nodule formation

Involved during dehydration
tolerance

Increased expression
in salt stress

Vacuole trafficking
Abiotic stress tolerance

PBM formation in root nodule
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with signalling pathways, and possibility of
strong cross signalling between wound and
cytokinin biosynthesis pathways cannot be
ruled out (Agarwal et al. 2009) (Table 3.3).

3.11 Future Prospects

The further identification of plant Rab-effector
proteins is needed urgently for understanding
the functions of Rab GTPases during the mem-
brane trafficking events. There are some signal-
ling pathways which have been shown to be
conserved among yeast and mammals. However,
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the role of Rabs in signal transduction and
development in plants is still in infancy. It has
been shown that in plants Rabs are involved in
specific functions such as hormonal regulation
(brassinosteroid biosynthesis), root hair, pol-
len, nodule development, and biotic and abiotic
stress responses. The involvement of Rabs in
hormonal signalling is an important area, and
detailed studies are needed for searching the
missing link between the signal transduction
cross talk and the membrane trafficking.
Further, the stress responses biotic as well as
abiotic are also part of the signal transduction
cascade, and the role of Rabs in hormonal sig-
nalling is bound to cross talk at some point. The
mechanisms of transport of vesicles and repair
of endomembranes by Rab proteins need to be
investigated during stress conditions. The can-
didate genes from tolerant plants belonging to
the Rab family should be identified and then
characterized for developing and engineering
stress tolerant plants.
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Ptdins4P and PtdIns(4,5)P, as
Signalling Phosphoinositides
Involved in Tip Growth

Laura Saavedra

Abstract

Phosphoinositides (PIs) comprise a family of minor membrane lipids
which play important roles in many signal transducing pathways in the
cell. The immediate precursor of all PIs is phosphatidylinositol and
the sequential phosphorylation of the lipid head group by the action of
phosphoinositide kinases results in the generation of seven additional PI
species. PI pools serve as spatial pools that in turn are recognized by
cytosolic proteins with specific lipid-binding domains, allowing for selec-
tive recruitment of these proteins to sites where they then carry out vari-
ous cellular functions. Signalling through various PIs has been shown to
mediate cell growth and proliferation, cytoskeleton organization, vesicle
trafficking, regulation of ion channels and nuclear signalling pathways
in various eukaryotic models. In this chapter we first discuss about the
PI species, how to visualize them in living cells and their specific dis-
tribution within the cellular membranes. Second, we focus on the role of
PtdIns(4,5)P, and its precursor PtdIns4P, in the process of tip growth as
mode of example of signalling by PIs in plant cells.
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4.1 Phosphoinositide Species

in Eukaryotic Cells

Phosphoinositides (PIs) refer collectively to a
group of membrane lipids comprising phospha-
tidylinositol (PtdIns) and its phosphorylated
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derivatives, which play central roles in regulating a
wide array of physiological processes at intra-
cellular membranes. PIs have a compartment-
specific distribution and the fact that they are
minor constituents of cell membranes straight-
away indicates that these lipids instead of providing
a structural role have a signalling role, which is
exerted by specifically interacting with a large
number of effector proteins (Toker 2002).

PtdIns is the simplest PI. It comprises a glyc-
erol backbone esterified to two fatty acyl chains
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Fig. 4.1 The PI pathway key intermediates: substrates,
products and activities of identified phosphoinositide lipid
kinases and phosphatases in animal and plant cells. Solid
arrows indicate that the function of the plant enzyme has
been verified. The dashed arrows denote that in intact
plant cells this reaction has not yet been identified. Some
of the acyl chains have been shortened to save space.
Abbreviations: PI3K phosphatidylinositol 3-kinase, PI4K
phosphatidylinositol 4-kinase, FAB phosphatidylinositol
3-phosphate 5-kinase, PIP5K phosphatidylinositol phos-

and a phosphate to which a cyclic myo-inositol
head group with five free hydroxyl groups is
attached (Fig. 4.1). Of these five hydroxyl
groups, positions 3, 4 and 5 are targets for spe-
cific PtdIns kinases, while positions 2 and 6 are
prevented from phosphorylation, presumably by
steric hindrance. There are seven combinations
of PIs that can be generated through phosphory-
lation of one or more positions on the inositol
head group: PtdIns3P, PtdIns4P, PtdIns5P,
PtdIns(3,4)P,, PtdIns(3,5)P,, PtdIns(4,5)P, and
PtdIns(3,4,5)P; (Fig. 4.1). Thus far, all of these

phate 5-kinase, PTase inositol phosphate phosphatase,
PLC phospholipase C, DAG diacylglycerol, PtdIns phos-
phatidylinositol, PtdIns4P phosphatidylinositol 4-phos-
phate, PtdIns3P phosphatidylinositol ~ 3-phosphate,
PtdIns5P phosphatidylinositol 5-phosphate, PtdIns(4,5)
P, phosphatidylinositol (4,5)-bisphosphate, PtdIns(3,4)P,
phosphatidylinositol (3,4)-bisphosphate, Ptdins(3,5)P,
phosphatidylinositol (3,5)-bisphosphate, PtdIns(3,4,5)P;
phosphatidylinositol (3,4,5)-trisphosphate, Ins(1,4,5)P;
inositol (1,4,5)-trisphosphate

PI species have been detected in plant cells,
with the exception of PtdIns(3,4,5)P; (Mueller-
Roeber and Pical 2002).

Of all these PIs, PtdIns(4,5)P, has far received
a lot of attention since the discovery as the main
substrate of receptor-stimulated phospholipase C
(PLC), by which is hydrolyzed to form two potent
intracellular messengers: the water-soluble inosi-
tol(1,4,5) trisphosphate (InsP;) and the mem-
brane-bound diacylglycerol (DAG) (Berridge
1983). In animal cells, InsP; promotes the release
of calcium from intracellular stores, whereas DAG
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promotes the activation of protein kinase C.
PtdIns(4,5)P, is also recognized as a signalling
molecule itself, having diverse roles in cytoskele-
ton organization (Yin and Janmey 2003), vesicular
trafficking (Wenk and De Camilli 2004), secretion
(Martin 2001), regulation of ion channels (Suh and
Hille 2005) and nuclear signalling pathways
(Gonzales and Anderson 2006).

During the last decade, the PI system in plant
cells has acquired special interest and intense
research has yielded new knowledge in this
area. In this chapter, as a mode of example of
signalling by phosphoinositides, we will focus
on the mechanisms underlying the role of
PtdIns(4,5)P, and its main precursor, PtdIns4P,
in tip-growing cells. Functions of the other PI
species will not be addressed here, and we
therefore refer the reader to excellent reviews on
the topic (Boss and Im 2012; Delage et al. 2013;
Heilmann 2009; Mueller-Roeber and Pical
2002; Munnik and Nielsen 2011; Thole and
Nielsen 2008; Xue et al. 2009).

4.2 Imaging Phosphoinositides

in Live Cells

Both PIs and PI-binding proteins have been
shown to exhibit a restricted, rather than a uni-
form, distribution across intracellular membranes.
Therefore, PI lipid pools can serve as spatial
pools that in turn are recognized by cytosolic
proteins with specific lipid-binding domains,
allowing for selective recruitment of these proteins
to sites where they then carry out various cellular
functions (Thole and Nielsen 2008). In general,
lipid-binding domains employ specific lipid
head-group recognition complemented by addi-
tional hydrogen bonding and nonspecific electro-
static interactions to reversibly associate with the
membrane (Scott et al. 2012). In plant cells, at
least seven conserved PI-binding domains have
been identified to date, including PH, FYVE, PX,
ENTH, ANTH, TUBBY and FERM (Scott et al.
2012). These lipid-binding domains are of great
importance because they provide research tools
to in vivo estimate the subcellular distribution
of PIs. If a fluorescent protein is coupled to a

lipid-binding domain and stably or transiently
introduced into a plant cell, one may visualize the
spatiotemporal dynamics of PI microdomains in
single cells (Balla and Varnai 2002). In the fol-
lowing sections we will refer to some of these
lipid-binding domains and describe how their use
when fused with fluorescent proteins has revealed
new insights about the role of PIs in plant cells.

4.2.1 Pleckstrin Homology Domain
The name pleckstrin homology (PH) refers to a
~120 amino acid region of sequence homology
that occurs twice in pleckstrin and in numerous
other proteins with membrane-associated func-
tions; ~250 PH domains are present in the human
proteome (Lemmon and Ferguson 2000). The
amino acids conforming the PH domain are
folded in a highly conserved three-dimensional
structure despite little sequence similarity
between the family members. This high sequence
variability confers to the PH domain’s diverse
functions interacting with proteins, acidic phos-
pholipids, inositol polyphosphates and Pls
(Kutateladze 2010). The PI-binding site of the
PH domain contains a cluster of basic lysine and
arginine residues which make direct contact with
the PI- phosphate groups giving an electrostati-
cally polarized PH domain with a strong positive
electrostatic potential around the binding site
providing both specific PI-binding and nonspe-
cific electrostatic interactions with other anionic
lipids in membranes (Kutateladze 2010).

The PLC81 PH domain (PLC6-PH) binds
specifically to PtdIns(4,5)P, (Varnai and Balla
1998). Several PH domains have been described
in plants (Deak et al. 1999; Jin et al. 2001;
Mikami et al. 2000; Stevenson et al. 1998; Tang
et al. 2005) and ~50 PH-containing proteins are
encoded by the A. thaliana genome (Meijer and
Munnik 2003). The fluorescence-tagged PH
domain of human PLCS1 has been used to visual-
ize the distribution of PtdIns(4,5)P, in plant
cells. For instance, in tip-growing cells, such as
pollen tubes and root hairs, PtdIns(4,5)P, was
shown to localize in the tip of these cells at the
plasma membrane (Dowd et al. 2006; Helling
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et al. 2006; Ischebeck et al. 2008, 2010; Kost
et al. 1999; Vincent et al. 2005; Zhao et al.
2010), and its distribution is different depending
on the state of the cell. In growing pollen tubes
the fluorescence signal is localized in the tip of the
growing tube, whereas in nongrowing tubes
the labelling is uniform throughout the pollen
tube (Dowd et al. 2006). Similarly, the accumu-
lation of PtdIns(4,5)P, in the plasma membrane
and clathrin-coated vesicles in response to salt
stress (Konig et al. 2008; van Leeuwen et al.
2007), its presence during the final stage of a
BY-2 cell division (van Leeuwen et al. 2007)
and its increase at the plasma membrane upon
illumination of guard cells (Lee et al. 2007)
have been detected.

4.2.2 FYVE Domain

FYVE is an abbreviation of the first four proteins
in which this domain was first identified (Fablp,
YOTB, Vaclp, EEA1). The FYVE domain spe-
cifically binds to PtdIns3P primarily found in
early endosomes, multivesicular bodies (MVB)
and phagosomes. FYVE domains are highly con-
served from yeast to mammals and plants; there
are 27 human (Kutateladze 2012) and 15 A. thali-
ana proteins (Wywial and Singh 2010) contain-
ing this domain. The FYVE domain consists of a
~70 amino acid zinc-binding finger which is
defined by the three conserved sequences: the
WxxD at the N-terminal end, the RR/KHHCR
followed by the RVC motifs towards the
C-terminus (Kutateladze 2012). Of these, the
RR/KHHCR basic motif surrounding the third
zinc-co-ordinating cysteine residue distinguishes
the FYVE finger family from other structurally
related zinc-fingers and is essential for the bind-
ing of PtdIns3P (Jensen et al. 2001).

A FYVE-GFP construct has been used to
visualize PtdIns3P in the internal membranes in
mammalian cells, labelling endosomes and Golgi
and M VB, consistent with the role of PtdIns3P in
endocytosis and membrane trafficking (Gillooly
et al. 2001). In a comparable manner, the FYVE
domain has been used to visualize PtdIns3P in A.
thaliana (Jung et al. 2002; Kim et al. 2001; Lee
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et al. 2008; Park et al. 2003; Vermeer et al. 2006)
and in soybean cells (Kale et al. 2010). Using a
YFP:2xFY VE as PtdIns3P-specific biosensor, A.
thaliana plants and suspension-cultured tobacco
BY?2 cells stably expressing lines revealed that
the YFP fluorescence signal strongly colocalized
with the late endosomal/prevacuolar marker,
AtRABF2b, and partially colocalized with the
endocytic pathway marker FM4-64 (Vermeer
et al. 2006). In plants, PtdIns3P is produced by
PtdIns 3-kinases encoded by a single copy gene
(VPS34) in the A. thaliana genome (Mueller-
Roeber and Pical 2002). AtPI3K is expressed in
almost all vegetative tissues including root hairs
(Lee et al. 2008). Since homozygous vps34
mutants are lethal, an elegant way which has
helped to elucidate the role of PtdIns3P in root
hairs was overexpressing a GFP:2xFYVE con-
struct in A. thaliana and therefore blocking the
signal transduction downstream of PtdIns3P (Lee
et al. 2008). As a result, it was shown that
PtdIns3P has an important role in both vesicle
trafficking and ROS formation which are essen-
tial processes required for tip growth (Lee et al.
2008). The use of this biosensor allowed also to
confirm the hypothesis that the fungal and
oomycete effectors with N-terminal RXLR and
dEER motifs bound external PtdIns3P in order to
enter into host plant cells (Kale et al. 2010).

4.2.3 PXDomain

The PX domain, known as well as Phox-
homology, is a region of 130 amino acids of
sequence homology found in the phagocyte
NADPH oxidase (phox) complex (Ponting 1996),
which was identified as a PtdIns3P-binding
domain (Ellson et al. 2002). Although there is
very little sequence similarity between the differ-
ent PX domains, these diverse sequences fold to
adopt a common three-dimensional structure
with a proline-rich region (PXXP) involved in the
interaction with SH3 domains and a group of
basic residues shown to coordinate Pls
(Kutateladze 2010). Of all PIs, PtdIns3P appears
to be a primary target of the PX domain-
containing proteins as the majority of them are
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involved in membrane trafficking, organization
of the actin cytoskeleton and protein sorting (Sato
et al. 2001). This domain is found in 83 human
proteins (Kutateladze 2012) and in A. thaliana,
11 genes encode a PX domain (Banerjee et al.
2010). At least two of the A. thaliana genes are
involved in lipid signalling since they code for
PLDC 1, 2 (Wang 2002). Another gene which
binds PtdIns3P through its conserved PX domain
is AtSNX2b. AtSNX2b encodes for a sorting
nexin and is involved in endosome to vacuolar
trafficking (Phan et al. 2008).

4.2.4 FAPP1 Domain

The PH domain of human FAPPI protein
(phosphatidylinositol-four-phosphate adaptor
protein-1) has a high affinity for PtdIns4P in
vitro (Dowler et al. 2000) and has been used to
visualize PtdIns4P in mammalian cells (Balla
et al. 2005; Godi et al. 2004). Later, it was used
as a PtdIns4P biosensor in plant cells. When
the enhanced yellow fluorescent protein
(EYFP) fused to the PH domain of FAPP1 was
used to transform A. thaliana, the fluorescence
signal was present in Golgi membranes and at
the plasma membrane. Specifically, EYFP-
FAPP1 was enriched in the plasma membrane
at the tips of growing root hairs of both A.
thaliana and M. truncatula (Thole et al. 2008;
Vermeer et al. 2009).

4.3 Phosphoinositide Levels

in the Cell

PIs are not uniformly distributed among mem-
branes but appear enriched at different sites, and
these defined pools of PIs can be targeted to spe-
cific cellular activities (Downes et al. 2005). PI
distribution is regulated by the finely tuned bal-
ance activity of lipid kinases and phosphatases
which are controlled by intracellular signalling
cascades. In animal cells, PtdIns comprises
approximately 8 % of the total cellular phospho-
lipid content (Kobayashi et al. 1998). Cellular
membranes are enriched in various Pls, present

atlevels of between 0.01 and 5 % of that observed
for PtdIns itself (Stephens et al. 2000).
PtdIns(4,5)P, and PtdIns4P are enriched in the
inner leaflet of the plasma membrane and in
Golgi membranes, whereas PtdIns3P and its
derivative PtdIns(3,5)P, confer identity to endo-
somal membranes (Cullen et al. 2001; De
Matteis and Godi 2004; Roth 2004). Accounting
for the proportional area of individual mem-
branes, PtdIns3P, PtdIns4P and PtdIns(4,5)P,
comprise approximately 4-5 % of the total lipid
content in the cytosolic face of their host mem-
branes (Roth 2004).

The ratio of PIs in plants differs from that
found in animals in that PtdInsP seems to be
more abundant than PtdInsP,, whereas in ani-
mals PtdInsP, in general is equally or more
abundant (Westergren 2001). In plants, the
ratio of PtdIns:PtdInsP:PtdInsP, ranges from
300:17:1 to 10:1:1 and is likely to depend on
the cell type, as it is in animal cells (Hetherington
and Drobak 1992; Sandelius and Sommarin
1990). Higher plants seem to have lower levels
of PtdInsP and PtdInsP, than single-cell algae
such as Chlamydomonas (Munnik et al. 1998).
PtdInsPs represent less than 1 % of total phos-
pholipids in plant membranes (Meijer and
Munnik 2003; Munnik et al. 1998). PtdIns4P is
the most abundant isomer, making up approxi-
mately 80 % of the plant PtdInsP pool (Meijer
et al. 2001; Munnik et al. 1994; Pical et al.
1999), whereas PtdIns5P and PtdIns3P account
for approximately 15 and 10 %, respectively,
of the 32P-labelled PtdInsP pool in plants
(Meijer et al. 2001).

Most of the research on signalling by PIs has
been dedicated to phenomena that take place at
the cell periphery and the plasma membrane,
but from the animal system, it has become clear
that there also exists a nuclear PI cycle which is
regulated independently from that at the plasma
membrane level (Cocco et al. 2009). Nuclear
PIs and derived inositol phosphates are now
considered essential cofactors for several nuclear
processes, comprising DNA repair, transcrip-
tion regulation and RNA dynamics (Ramazzotti
et al. 2010). In plants, the PI cycle enzymes or
enzyme activities and their products have also
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been detected in the nucleus. For instance,
PtdIns3-kinase has been localized to the plant
nucleus and nucleolus in D. carota cell cultures,
having a distribution which coincides with sites
of active transcription (Bunney et al. 2000).
Another example is a heat stress induction of
PtdIns(4,5)P,, which was found to localize to
the plasma membrane but also in the nuclear
envelope, nucleolus and punctate cytoplasmic
structures (Mishkind et al. 2009).

The PI levels can also vary due to exposure to
different stress conditions. For example, the
yeasts Saccharomyces cerevisiae and Schizosac-
charomyces pombe accumulate significant
quantities of PtdIns(3,5)P, following exposure to
osmotic-adjusting chemicals (Dove et al. 1997).
Mammalian cells synthesize PtdIns(3,4,5)P; in
response to sucrose-induced osmotic stress (Van
der Kaay et al. 1999). In A. thaliana, accumula-
tion of PtdIns(4,5)P, upon osmotic stress was
also demonstrated (DeWald et al. 2001; Konig
et al. 2008; Pical et al. 1999). These observa-
tions suggest that different eukaryotic organisms
utilize unique PI signalling pathways to elicit the
necessary cellular adaptations following a change
in the osmotic potential of the surrounding envi-
ronment (DeWald et al. 2001).

In addition, not only the PI levels can vary
upon stress but also their fatty-acid composi-
tion, which may also be involved in sorting PIs
into functionally distinct pools (Konig et al.
2007). It has been shown in A. thaliana plants
that depending on stress and nonstress condi-
tions, two different pools of PtdIns4P and
PtdIns(4,5)P2 may exist. Under nonstress con-
ditions, species of these two PIs contain mainly
saturated fatty acids, whereas upon hyperos-
motic stress, transient synthesis of PtdIns4P and
PtdIns(4,5)P2 is enriched in polyunsaturated
fatty acids (Konig et al. 2007).

4.4 Phosphoinositide Pathway

Intermediates and Enzymes

PtdIns is synthesized in the endoplasmic reticulum
(Lofke et al. 2008) from cytidine diphospho-
diacylglycerol and D-myo-inositol by phosphati-
dylinositol synthase and is distributed to other
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subcellular locations by lipid transfer proteins,
directed vesicle trafficking, or a combination of
both (Phillips et al. 2006). PtdIns can be modified
by a variety of specific lipid kinases, phospha-
tases and phospholipases, generating a family of
PI isoforms that comprise a tightly regulated
network of distinct lipid pools throughout the cell
(Heilmann 2009) (Fig. 4.1).

PtdIns can be phosphorylated to PtdIns4P
by PtdIns 4-kinase or to PtdIns3P by type III
PtdIns 3-kinase (Mueller-Roeber and Pical 2002)
(Fig. 4.1). A PtdIns 5-kinase enzyme responsible
for the synthesis of PtdIns5P from PtdIns has
not yet been detected in plants, and PtdInsSP
might thus be derived from the dephosphory-
lation of PtdIns bisphosphates (Meijer and
Munnik 2003) (Fig. 4.1).

4.4.1 Ptdins 4-Kinases:
Classification and Modular

Structure

PtdIns 4-kinases (PI4K) catalyse the phospho-
rylation of PtdIns to synthesize PtdIns4P, the
first committed step towards the synthesis of
PtdIns(4,5)P,, and therefore this step constitutes
a potentially crucial point in the regulation of the
PI-dependent pathways,

PI4Ks are classified into two major groups;
types II and III which differ in size and sensiti-
vity to inhibitors and adenosine. Type II isoforms
are strongly inhibited by adenosine and Ca*
(Carpenter and Cantley 1990) and are insensi-
tive to wortmannin (Endemann et al. 1987).
They are localized in the cytosol and associated
with the Golgi apparatus (Wong et al. 1997).
Type III isoforms have a larger size (100-
230 kDa), are not inhibited by adenosine and
Ca’" and are inhibited by wortmannin. These are
membrane-associated proteins (Nakagawa et al.
1996; Wong et al. 1997). Originally, PtdIns
3-kinases were believed to be a type I PI4Ks,
but later it was shown that type I enzymes
produce PtdIns3P (Balla and Balla 2006).

In mammalian cells there are two type II
(PI4KIIa and PI4KIIB) enzymes and two type 111
(PI4KIIIox and PI4KIIIP), whereas in yeast, there
is one type II enzyme (LSB6P), and two type III
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Fig. 4.2 Modular structure of animal, yeast and plant
PI4Ks. The various conserved domains are represented by
coloured boxes. Some plant PI4Ks type Ily contain one or
two ubiquitin-like domains and here is represented only

enzymes (PI4KIIla known as STT4P and PI4KIIIP
known as IPK1) (Balla and Balla 2006).

Structurally, type III enzymes consist of a cat-
alytic domain of about 230 amino acid residues
located at the C-terminal part of the protein and a
kinase unique domain (LKU, also known as heli-
cal domain) (Fig. 4.2). In PI4KIIla type, a puta-
tive PH domain is located between the helix and
catalytic domain, whereas in PI4KIIIp isoforms a
novel homology (NH) domain is located. Type II
enzymes have a kinase domain that shows little
sequence homology with those of the type III
enzymes (Fig. 4.2).

The Arabidopsis genome codes for 12 PtdIns
4-kinases in which four belong to the type III
group (AtPI4Kal, AtPI4Ka2, AtPI4Kp1 and
AtPI4Kp2) and the remaining eight belong to the
type II group, also called y group (Mueller-
Roeber and Pical 2002) (Fig. 4.2).

The first genes described for functional PI4K
in plants were type III AtPI4Kal (Stevenson-
Paulik et al. 2003; Stevenson et al. 1998) and
AtPI4KP1 (Xue et al. 1999). AtPI4Kal contains
the LKU, PH and catalytic domains. AtPI4Ka?2
is a smaller protein, which contains only the
catalytic domain lacking the LKU and PH
domains, and does not possess PtdIns 4-kinase
activity (Stevenson-Paulik et al. 2003). AtPI4Ka1
has been shown to be an active protein in
vitro using the baculovirus expression system

type Ily4. A truncated version of AtPI4K type Illal is
presented due to the large size of the protein and the lack
of conserved domains

(Stevenson-Paulik et al. 2003) and its PH domain
binds PtdIns4P with higher affinity but also
binds phosphatidic acid (PA) and PtdIns(4,5)P,
(Stevenson et al. 1998).

AtPI4KpB1 and AtPI4Kp2 share 80 % amino
acid identity and consist of the LKU, NH and
catalytic domains. Additionally, both proteins
exhibit a repetitive motif constituted of 11 repeats
of a charged core unit, which is unique for the
plant p isoforms (Mueller-Roeber and Pical
2002). AtPI4Kp1 is an active protein in vitro
(Stevenson-Paulik et al. 2003).

Members of the PI4Ky family consist of a
catalytic domain, but in addition six members
contain one or two ubiquitin-like domains (UBL)
(Mueller-Roeber and Pical 2002). AtPI4Ky4 and
AtPI4Ky7 have been shown to be protein kinases
but none of eight isoforms have yet been demon-
strated to have lipid kinase activity (Galvao et al.
2008). It is hypothesized that the plant PI4Kys
are involved in ubiquitin-regulated protein turn-
over (Galvao et al. 2008).

4.4.2 Role of Type lll PI4Kp in Tip
Growth in A. thaliana

In plants, PtdIns 4-kinase activity has been
detected in different cell locations including
the plasma membrane, cytosol and cytoskeleton
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(Davis et al. 2007; Drobak 1992; Westergren
et al. 1999; Xu et al. 1992; Yang et al. 1993).
This wide distribution of PtdIns 4-kinase activity
throughout the cell suggests that there are distinct
isoforms that are targeted to the various compart-
ments where they perform distinct functions
(Stevenson-Paulik et al. 2003).

Tip growth is a mode of cell expansion
strictly dependent on polarized exocytosis of
vesicles to the apical growth domain, which
provide new plasma membrane and cell wall
precursors (Lee and Yang 2008). Pollen tubes,
root hairs and moss protonemata are examples
of cells which follow tip growth. The first func-
tional role for a PtdIns 4-kinase was described
by Preuss et al. (2006) where they showed that
type III PI4KpB1 and PI4Kp2 are essential for
trafficking of Golgi-derived vesicles in root
hairs. The AtPI4Kp1 NH domain interacts with
AtRABA4B in a GTP-dependent manner and
these two proteins colocalize in the tip of grow-
ing root hairs. A. thaliana T-DNA double
pidkf1/pidk2 mutants display root hairs with
aberrant morphology which lead the authors
propose a model for RABA4B and PI4Kf1
action during polarized root hair expansion. The
same laboratory showed later that AtRABA4D,
another member of the A. thaliana RabA4
subfamily of Rab GTPase proteins, which is
pollen-specific, also interacts with the NH
domain of PI4Kf1 and this interaction is impor-
tant for proper regulation of polar tip growth in
pollen tubes (Szumlanski and Nielsen 2009).
Importantly, it is not only the presence of the
lipid in this case PtdIns4P which is essential but
also its turnover. This is exemplified in A. thali-
ana mutants for the RHD4/SACT gene which
codes for a PtdIns 4-phosphatase. rdh4 root
hairs are shorter and randomly form bulges
along their length, they exhibit double PtdIns4P
content than wild-type tissue, and a significant
amount of PtdIns4P is associated with internal
membranes, whereas in wild-type root hairs
PtdIns4P accumulated primarily in a tip-local-
ized plasma membrane domain (Thole et al.
2008). The model proposed that RHD4 is selec-
tively recruited to RabA4b-labelled membranes
that are involved in the polarized expansion

L. Saavedra

of root hair cells and together with PI4Kp1,
RHD4 regulates the accumulation of PtdIns4P
on membrane compartments at the tips of growing
root hairs (Thole et al. 2008).

4.4.3 PtdinsP Kinases: Classification,
Modular Structure and
Biochemical Properties

The following step towards the synthesis of
PtdIns(4,5)P, is the phosphorylation in the D-5
position of the inositol ring of PtdIns4P, by
PtdIns4P 5-kinases (PIPKs). In animal cells,
PIPKSs are classified in three different subfami-
lies (type I-III) according to their substrate
specificity, subcellular localization and function
(Heck et al. 2007). Types I and II are responsi-
ble for the synthesis of PtdIns(4,5)P,, whereas
type III synthesizes PtdIns(3,5)P,. Type 1
PIPKs phosphorylate PtdIns4P at the D-5
hydroxyl group and therefore are classified as
PtdIns4P 5-kinases (Rameh et al. 1997; Zhang
et al. 1997). Additionally, type I PIPKs can
synthesize PtdIns(3,4,5)P; by consecutive phos-
phorylation of the 4- and 5-hydroxyl groups of
PtdIns3P (Zhang et al. 1997). Type I PIPKs can
also produce PtdIns(3,5)P, and PtdIns5P from
PtdIns3P and PtdIns, respectively (Tolias et al.
1998). Type II PIPKs are PtdInsSP 4-kinases,
they synthesize PtdIns(4,5)P, by phosphory-
lation of PtdIns5P at the D-4 position.
Additionally, they can synthesize PtdIns(3,4)P,
from PtdIns3P (Rameh et al. 1997). The last
group, type III PIPKSs, represented by the yeast
Fablp enzyme or the mammalian PIKfyve
homolog, are PtdIns3P 5-kinases which phos-
phorylate PtdIns3P to generate PtdIns(3,5)P,
(Dove et al. 1997; McEwen et al. 1999).
Animal, yeast and plant PIPKs share a basic
structure which consists of a dimerization
domain and a highly conserved lipid kinase
domain located at the C-terminus (Fig. 4.3)
(Mueller-Roeber and Pical 2002). In addition,
most plant PIPKs contain the MORN domain
(Membrane Occupation and Recognition Nexus)
followed by a non-conserved linker region
(Fig. 4.3) (Mueller-Roeber and Pical 2002).
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Fig. 4.3 (a) Modular structure of animal, yeast and plant
type I/I PIPKs. (b) Amino acid sequence alignment of the
activation loop of P. patens, A. thaliana and type I and type 11
H. sapiens PIPKs. The asterisks indicate conserved amino

The MORN domain represents a unique feature
of plant PIPKs, it consists of repetitions of
MORN motifs and is localized at the N-terminal
end of the protein. MORN motifs lacking a PIPK
catalytic domain have been found in several ani-
mal and plant proteins, such as junctophilins,
which participate in endomembrane to plasma
membrane attachment (Takeshima et al. 2000);
the MORNI protein of Toxoplasma gondii
involved in cell division (Gubbels et al. 2006);
and the A. thaliana accumulation and replication
of chloroplasts three protein (ARC3) involved in
plastidial fission (Maple et al. 2007).

In the last decade, several PIPK genes from
different plant model organisms such as A. thali-
ana, O. sativa and P. patens have been studied.
Based on their amino acid sequence similarity to the
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acids mentioned in this chapter. First, two conserved posi-
tively charged amino acids (KR or KK); second, (E or A),
which are involved in substrate specificity; third, (K) which
is involved in plasma localization of animal type I PIPKs

corresponding mammalian enzymes, plant PIPKs
cannot be assigned to either type I or type II and
thus they have been classified as type I/Il (Mikami
et al. 1998; Mueller-Roeber and Pical 2002). The
A. thaliana genome contains eleven genes encod-
ing type I/I PIPKs which are grouped into type A
and B. Subfamily A consists of two members,
AtPIPSK10 and AtPIPSK11, which lack the
MORN domain and exhibit a domain structure
similar to human type I PIPKs. The other nine
remaining isoforms (AtPIPSK1-9) which contain
additionally the N-terminal MORN domain
belong to subfamily B (Mueller-Roeber and Pical
2002) (Fig. 4.3). In contrast to the high number of
PIPK isoforms found in higher plants, the moss P,
patens encodes for only two genes, PpPIPK1 and
PpPIPK?2, which belong to the subfamily B and
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no members for the A subfamily are present
(Saavedra et al. 2009).

Lipid kinase activity assays showed that
PtdIns4P is the preferred substrate in vitro for
the synthesis of PtdIns(4,5)P, by all plant PIPKs
(Elge et al. 2001; Ischebeck et al. 2008, 2010;
Saavedra et al. 2009; Stenzel et al. 2008;
Westergren 2001). An exception is for PpPIPK?2
which in vitro synthesizes PtdIns3P from PI
(Saavedra et al. 2009). However, in vivo it was
verified that both PpPIPKs synthesizes
PtdIns(4,5)P,, since the phosphoinositide pro-
file for both pipkl and pipk2 single knockout
mutants showed areduction only in PtdIns(4,5)P,
(Saavedra et al. 2011).

Within the PIPK kinase domain, there is a
region, known as the activation loop (AL),
containing a conserved glutamic acid residue
(Fig. 4.3) which confers substrate specificity
to animal type I PIPKs (Kunz et al. 2002).
The corresponding glutamic acid residue which
is conserved in plant PIPK isoforms has been
changed to alanine and PppipklE885A or
Atpip5klIE715A-mutated proteins exhibited an
almost completely abolished activity towards
PtdIns4P and PtdIns3P in vitro (Saavedra et al.
2009). The relevance of this amino acid in
plant PIPKs was also confirmed in vivo since
overexpression of PpPIPKIES85A could not
completely complemented pipkl knockout
phenotype (Saavedra et al. 2011). In addition,
within the activation loop there is a dibasic amino
acid pair KR (Fig. 4.3) which is also crucial for
the PpPIPK1 lipid kinase activity. The mutation
of KR to ND abolished the enzymatic activity
towards PtdIns3P and PtdIns4P in vitro (Mikami
et al. 2010).

4.4.4 PIPKs Are Localized
to the Plasma Membrane

PIPKSs are recruited to membranes but they are
not integral membrane proteins. In animal cells it
is well established that the AL is also responsible
for the differences in subcellular localization
between type I and type II PIPKs. A substitution
of a conserved glutamic acid located in the AL to
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alanine results in a swap of substrate specificity
and subcellular localization between the two types
(Kunz et al. 2000, 2002) (Fig. 4.3). In plants,
it was suggested that the MORN domain is
responsible for the membrane localization of
OsPIPK1, AtPIP5K1 and AtPIPSK3 (Im et al. 2007a;
Kusano et al. 2008; Ma et al. 2006). However, data
from both PpPIPKs, AtPIP5K1, AtPIP5K2,
AtPIP5KS and NtPIP5K6-1 clearly demonstrated
that there are additional modules important for
correct subcellular localization (Mikami et al.
2010; Stenzel et al. 2012). For example, the lipid
kinase domain is responsible for the membrane
localization of PpPIPK1 and AtPIP5K1 (Mikami
et al. 2010). Interestingly, AtPIPSK2 kinase
domain directs plasma membrane localization
but not its apical localization in pollen tubes
(Stenzel et al. 2012), suggesting that more than
one regulatory component controls apical plasma
membrane localization in polarized cells. In con-
trast, for AtPIPSK5 and NtPIP5K6-1 the non-
conserved linker (LIM) domain is required for
their correct subcellular localization in pollen
tubes (Stenzel et al. 2012). Taking together these
results, it is possible that protein modules respon-
sible for plasma membrane localization are
distinct in each PIPK depending on differences
in physiological and/or developmental status
of cells, such as polarized and non-polarized
(Saavedra et al. 2012).

4.4.5 Role of PIPKs in Tip-Growing
Cells of A. thaliana
and P. patens

As mentioned above, in contrast to what is
observed in animal cells, cellular levels of
PtdIns4P are much higher compared to
PtdIns(4,5)P, in plants, highlighting a restriction
step controlling PtdIns(4,5)P, levels by PIPKs
and thereby indicating the importance of PIPK
regulation in physiological processes requiring
PtdIns(4,5)P, (Im et al. 2007b). In A. thaliana
vegetative tissues under normal growth condi-
tions, PtdIns(4,5)P, is hard to detect which may
account for the scarce information available for
such tissues. However, specialized plant cells
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such as root hairs, pollen tubes and protonemal
cells of mosses (all sharing the process of cell
expansion by tip growth) have been used as pref-
erable models for studying PIPK function for
several reasons: (1) PtdIns(4,5)P, accumulates at
the tip of these cells (Ischebeck et al. 2008;
Saavedra et al. 2011; Sousa et al. 2008; Stenzel
et al. 2008), (2) PtdIns(4,5)P, can be followed by
using the pleckstrin homology (PH) domain of
the human PLC&1 as a biosensor (Varnai and
Balla 1998), and (3) these cell types can be easily
studied at a single-cell level.

Detection of PtdIns(4,5)P, in membrane
microdomains of pollen tubes or in the plasma
membrane of root hair cell tips was first reported
in 1999 (Braun et al. 1999; Kost et al. 1999).
Since then it has been clearly demonstrated that
members of the A. thaliana and P. patens PIPK
family play a key role in the process of tip
growth. Of the 11 PIPK isoforms present in A.
thaliana, AtPIP5K3 is specifically expressed in
root hairs (Kusano et al. 2008; Stenzel et al.
2008). Root hairs of T-DNA pip5k3 mutants
exhibited reduced growth, and when AtPIP5K3
was overexpressed in a wild-type background, it
resulted in deformed root hairs (Stenzel et al.
2008). Interestingly, a mutated version of
AtPIP5SK3 lacking the N-terminal MORN
domain but with full catalytic activity in vitro
could not complement the pip5k3 mutant phe-
notype. In addition, when this mutated version
of the protein was overexpressed, the resulting
phenotype showed deformed root hairs, which
implies that AtPIPSK3 functionality in root hair
development requires other factors in addition
to the catalytic activity (Stenzel et al. 2008).

In contrast to what is observed for root hairs,
six PIPK isoforms, AtPIPSK10, AtPIP5KI11,
AtPIPSK?2, AtPIP5K4, AtPIP5KS and AtPIP5K6,
are expressed in pollen tubes. Despite their high
sequence similarity, different roles in tip growth
have been attributed to them. When fused to a
fluorescent protein, it has been shown that both
AtPIP5K4 and AtPIP5KS are expressed at the api-
cal region of the plasma membrane of pollen
tubes (Ischebeck et al. 2008; Sousa et al. 2008).
The double pipSk4-pip5k5 mutants exhibited
reduced pollen germination and defects in pollen

tube elongation (Ischebeck et al. 2008; Sousa
et al. 2008). Overexpression of AtPIP5K4 or
AtPIP5KS5 in tobacco pollen tubes led to severe
growth defects, which were attributed to increased
apical pectin deposition (Ischebeck et al. 2008;
Sousa et al. 2008). Another example is AtPIP5K6,
which is localized instead in the subapical region
of the plasma membrane of pollen tubes, and the
suppression of ArPIP5K6 expression by RNAi
resulted in impaired tip growth and inhibited
clathrin-dependent endocytosis (Zhao et al. 2010).
Different to what is observed for AtPIP5K4,
AtPIP5KS and AtPIP5K6 which belong to the B
subfamily, AtPIPSK10 and AtPIP5K11, both
members of the A subfamily, were found to local-
ize to the lateral subapical plasma membrane in
tobacco pollen tubes. Phenotypes observed for
these latter isoforms are remarkably different
from those mentioned above. Pollen tubes of
pip5Skl0-pip5kil double mutants exhibited
increased sensitivity to latrunculin B (an actin
polymerization inhibitor), and overexpression of
both enzymes in tobacco pollen tubes resulted in
aggregation of the apical actin fine structure and a
tip-swelling phenotype (Ischebeck et al. 2010). A
tip-swelling phenotype was also observed when
AtPIP5K?2, another type B isoform, was overex-
pressed (Stenzel et al. 2012). Thus, the mecha-
nisms of action of PtdIns(4,5)P, produced by
PIPKs are different, some members affect mem-
brane trafficking and secretion, whereas others
affect the actin cytoskeleton. It has been suggested
that the distinct localization patterns of the
enzymes may be the consequence of interactions
with specific partner lipids or proteins, which
recruit the enzymes to different functional micro-
domains (Ischebeck et al. 2010). The N-terminal
MORN domain, which is present only in type B
PIPKSs, is not responsible for the different pheno-
types observed between type A and B subfami-
lies; overexpression of AtPIP5K3 or AtPIP5K5
mutated isoforms lacking the MORN domain
resulted in the same phenotypes as that with the
full-length proteins (Ischebeck et al. 2008; Stenzel
et al. 2008). Therefore, the results discussed above
verify more clear the notion that there are different
pools of the same PI even the same cell and that
the different pools are functionally and spatially
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Fig. 4.4 Comparison of the phenotype of P. patens
wild type and of the single and double pipk knockout
mutants at different developmental stages (Saavedra
et al. 2011). (a) Three-week-old colonies growing in

distinct and are influenced by differentially targeted
PIPK isoforms.

In P. patens, both PIPK genes are expressed
in the juvenile protonema and adult gameto-
phytes under normal growth conditions
(Saavedra et al. 2009). The disruption of both
genes by gene targeting allows to demonstrate
that PpPIPKs have also a role in tip growth as
observed in higher plants (Saavedra et al. 2011).
Despite the high similarity between both pro-
teins, a strong phenotype for pipkl but not for
pipk2 single knockouts was obtained, even
though PtdIns(4,5)P, levels in both single
mutants were reduced to half in comparison to
the wild type (Saavedra et al. 2011). The pipkl
knockout lines showed a dramatic growth reduc-
tion of rhizoids as well as of protonema, and

minimal media, bar=0.5 cm. (b) Six-day-old protonema
filaments growing on minimal media, bar=200 pm.
(¢) Twenty-day-old gametophores, bar=0.5 cm

caulonema cells had a half reduction of their length
(Fig. 4.4). A stronger phenotype compared to
pipkl was then obtained for pipkl-2 double
knockouts, whose PtdIns(4,5)P, levels were
almost not detected. pipkl-2 protonemal fila-
ments exhibited an extremely compact structure
and lacked the caulonemal cell type; gameto-
phytes were much shorter than the wild type
with very short rhizoids and could not produce
sporophytes (Saavedra et al. 2011). When the
wild-type moss was treated with F-actin desta-
bilizing drugs such as latrunculin B or cytocha-
lasin B, it resulted in a phenotype that mimicked
the pipk knockout phenotype, suggesting a role
of PtdIns(4,5)P, in the cytoskeleton organiza-
tion. This role was confirmed by in vivo imaging
of the cytoskeleton network, which revealed
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that the shortened caulonemal cells in the pipk]
mutant were the result of the absence of the
apicobasal gradient of cortical F-actin cables
normally observed in wild-type caulonemal
cells (Saavedra et al. 2011). Therefore, the role
of PtdIns (4,5) P, in tip-growing cells seems to
have been conserved during evolution.

Conclusions and Future
Perspective

4.5

During the last years, research about the plant
phosphoinositide signal transduction pathway
has developed significantly. PI-metabolism is
emerging as an exciting area due to the wide
spectrum of processes they are involved such
as tip growth, abiotic and biotic stress, hor-
mone signalling and energy signalling within
others. However, our knowledge about the role
of the different PI species in plants is still lim-
ited. For instance, for several PI-kinases and
phosphatases, there are no functional studies
described and very few reports are described in
Pl-interacting partners which would help to
elucidate the downstream signalling pathways
which are initiated by PIs. The availability of
better genetic tools as well as the use of differ-
ent evolved plant model systems, together with
more sensitive analytical techniques to mea-
sure PIs, will provide further insights into the
plant PI signalling and metabolism.
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Sugar Signaling in Plant Growth
and Development
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Abstract

Sugars are the primary energy sources produced by green plants via the
life-sustaining process of photosynthesis. The metabolic role of sugars as
energy compounds and essential metabolites in living organisms has long
been recognized. However, genetic and molecular (mutational) studies
during the last decade have highlighted the role of sugars as signaling
molecules in controlling diverse aspects of plant growth and development.
The review focuses on specific signaling roles of various sugars particu-
larly hexoses (glucose and fructose), sucrose, trehalose, and small gly-
cans. Moreover, the sugar-specific regulations of various genes and the
diverse signaling cascades involved have been discussed. The role of
hexokinase—kinase-dependent and hexokinase-independent signals (like
G proteins) in sugar signal transduction pathways has also been docu-
mented. The evidences generated from the analyses of sugar-insensitive
mutants and hormone-insensitive mutants have also demonstrated a com-
plex interplay of factors regulating the common signaling capabilities of
sugar/hormone interactions. Characterization of sugar-signaling mutants
in Arabidopsis has unraveled a complex signaling network that links sugar
responses to two plant stress hormones, abscisic acid and ethylene, in
opposite ways. Similar cross talk between sugar and other plant hormones
in their signaling capabilities has been discussed.
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growth and development including seed germina-
tion, seedling development, root/leaf differentiation,
floral transition, fruit ripening, embryogenesis, and
senescence, as well as regulation of responses to
light, stress, and pathogens. During germination
and early seedling development, sugars are known
to repress nutrient mobilization, hypocotyl elon-
gation, cotyledon greening/expansion, and shoot
development (reviewed in Leon and Sheen 2003)
and that sugar starvation in plants activates lipid
mobilization, fatty acid transfer, and peroxisomal
B-oxidation (Hooks et al. 1995). Using transcrip-
tome profiling analysis in Arabidopsis, it has been
shown that sucrose (a sugar source) plays an
important role in the activation of oxidative-stress
genes, such as catalase (Contento et al. 2004). As
it is a well-known fact that plant growth and
development is under the tight regulation of the
environmental conditions that in turn influence
the availability of photosynthetic carbon in the
form of carbohydrates. These developmental pro-
cesses are however required to meet the carbon or
energy demands of the system, and as such, the
production, utilization, mobilization, and alloca-
tion of these photosynthates (carbohydrates) in
various tissues at different stages of development
are therefore highly regulated.

Sugar production in plants mainly involves
photosynthetic conversion of light energy into
chemical bond energy of organic molecules, uti-
lizing the conventional photosynthetic pathway,
and as such, the process of photosynthesis carries
the vital importance to plants. The sugar status of
a plant has been found to coordinate internal reg-
ulators and external environmental cues that in
turn govern vital processes of growth and devel-
opment (Koch 1996; Sheen et al. 1999; Smeekens
2000). Moreover, sugar metabolism is a dynamic
process as sugar concentrations have been found
to alter dramatically during development and in
response to environmental signals, diurnal
changes, and biotic/abiotic stress (Rolland et al.
2006). Sugars serve both as an energy source and
as signaling components, e.g., sucrose serves as a
main transport carbohydrate in plants and also as
a signal molecule that can regulate gene expres-
sion and plant development (Baier et al. 2004).
Similarly in Vicia faba embryos, gradients of
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sugars have been reported to correlate spatially
with mitotic activity (Borisjuk et al. 1998), and in
Arabidopsis, D-type cyclin gene expression has
also been found to be regulated by sugars (Riou-
Khamlichi et al. 2000) which points out that sugars
provide positional information to the cell cycle
machinery and different developmental pro-
grams. As far as the effect of sugars on floral tran-
sition is concerned, studies have revealed that
increased leaf carbohydrate export and starch
mobilization are required for flowering (Corbesier
et al. 1998) and that the addition of sugar source
(sucrose at optimum concentrations) can rescue
the late-flowering phenotype of several mutants
and even promotes leaf morphogenesis and flow-
ering in the dark (Araki and Komeda 1993; Zhou
etal. 1998; Roldan et al. 1999). Ohto et al. (2001)
has reported that sugars may control floral transi-
tion by positively and negatively regulating the
expression of floral identity genes. Thus, sugars,
in addition to their essential roles as substrates of
carbon and energy metabolism, have important
hormone-like functions or as primary messengers
in plant signal transduction. Sugars have been
reported to affect the expression of many genes
involved in photosynthesis, glycolysis, nitrogen
metabolism, sucrose and starch metabolism,
defense mechanisms, and cell cycle regulation,
and therefore, studies have been and are being
made to reveal the sugar-sensing and signal
transduction pathways (Rolland et al. 2006;
Bolouri-Moghaddam and Van den Ende 2012).
In the present review, we attempt to consolidate
the information regarding the role of sugars as
signaling molecules in plants and to discuss the
different dimensions of the sugar signal transduc-
tion pathway.

5.2  Sugars as Signaling

Molecules

Sugars such as glucose, fructose, or sucrose have
been recognized as important signaling mole-
cules in plants, in addition to their typical roles as
carbon and energy sources (Koch 2004; Rolland
et al. 2006; Bolouri-Moghaddam et al. 2010). Of
the various sugars, sucrose is the most important
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metabolite in resource allocation system of plants
and is the predominant form of carbon trans-
ported to the heterotrophic tissues (Chiou and
bush 1998). Although it has been reported to reg-
ulate plant growth and development, differential
gene expression, and stress-related responses, at
the same time it is also emerging as a candidate
signaling molecule in plant innate immunity
(G6émez-Ariza et al. 2007; Birch et al. 2009;
Wind et al. 2010). In many cases, the effects of
sucrose have been shown to be completely mim-
icked by hexoses (glucose and fructose) as is
reported in case of photosynthesis genes where
hexoses at lower concentrations have been found
to mimic their sucrose repression (Sheen et al.
1999). It is also indicative of the fact that in such
a case sucrose is not the direct signaling molecule
instead its hydrolysis products (glucose or fruc-
tose) might have the signaling capabilities. It has
been reported that some plant families even use
raffinose-family oligosaccharides and small
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fructans as their main transport sugars (Keller
and Pharr 1996; Wang and Nobel 1998; Zuther
et al. 2004). There has also been a growing recog-
nition that free glycans (oligogalacturonides, chi-
tosan, or chitin oligosaccharides) are also used as
signals for the initiation of a wide variety of bio-
logical processes involving growth, development,
and defense responses of plants and animals
(Etzler and Esko 2009) (Fig. 5.1).

5.2.1 Hexose Signaling

The pivotal role of sugars as signaling molecules
is illustrated by the variety of sugar-sensing and
signaling mechanisms discovered in microorgan-
isms (bacteria and yeast) and plants (Arabidopsis)
(Rolland et al. 2001; Moore et al. 2003;
Yanagisawa et al. 2003). Sugar signals have been
reported to be generated either by carbohydrate
concentration or by relative ratios to other
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metabolites, such as C:N or by flux through
sugar-specific sensors and/or transporters (Coruzzi
and Bush 2001; Palenchar et al. 2004; Buttner
2010). To activate signal transduction pathways,
a signaling molecule first has to be sensed.
Nevertheless, dual function of sugars (as a nutrient
and a signaling molecule) complicates the analyses
of the mechanisms involved and the elucidation
of the initial sugar sensor involved in signaling.
However, the involvement of transporters like
glucose sensors (Snf3 and Rgt2), a G protein-
coupled receptor (Gprl), and more importantly
hexokinase (HXK) function has been reported
(Rolland et al. 2001, 2002). Multiple sugar sen-
sors/receptors are known to exist, with hexoki-
nase (HXK) being the first to be documented in
plants (Jang and Sheen 1997). Hexokinase is a
multifunctional protein being both an enzyme,
which catalyzes the first step of glycolysis (con-
version of glucose to glucose-6-phosphate), and a
glucose sensor. The sensing function of the pro-
tein has been found to be dependent on the enzy-
matic function in a similar manner as its yeast
counterpart. The difference, however, being that
overexpression of the yeast hexokinase in plants
only enhances its catalytic activity (Rolland et al.
2006) and not the signaling capability. Hexose
phosphorylation by hexokinases has been consid-
ered to be an essential step in sugar metabolism,
involving at least two classes of glucose- and
fructose-phosphorylating enzymes (hexokinases
and fructokinases). Using transgenic and muta-
tional approach, the functions of several HXK
and FRK genes have been investigated wherein
the sensing roles of HXK and developmental
roles of FRK have been documented (Granot
et al. 2013). Much progress has been made to
reveal the molecular mechanisms underlying
sugar sensing and signaling in plants, particularly
the demonstration of hexokinase (HXK) as a glu-
cose sensor (Sheen et al. 1999; Smeekens 2000).
The isolation and characterization of the
Arabidopsis gin2 mutants have clearly identified
hexokinase (AtHXK1) as a core component in
plant sugar sensing and signaling. Interestingly,
these mutants were found to have partial glucose
kinase activity. Uncoupling of metabolic and sig-
naling activity has been confirmed by the analysis
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of two catalytically inactive AtHXK1 alleles (one
deficient in ATP binding and the other deficient
in phosphoryl transfer). Both these alleles have
been reported to sustain wild-type growth, repres-
sion of photosynthetic gene expression, and
hormone (auxin and cytokinin) responsiveness
when expressed in a gin2 background (Moore et al.
2003). These findings suggested the existence of
other hexokinases (AtHXK?2) and hexokinase-like
proteins (AtHXL). In the Arabidopsis genome,
six HXK and HXK like (HXKL) genes have been
identified. One of the hexokinase-like proteins
has been found to have detectable kinase activity
and was therefore named as AtHXK3. More
complex functions of HXK are being anticipated
in rice, in which ten functional HXK homologs
have been identified. The role of hexokinase as a
glucose sensor has also been revealed by the
use of various glucose analogs (2-deoxyglucose,
mannose, 6-deoxyglucose, and 3-O-methyl glucose).
2-Deoxyglucose and mannose act as substrates
for hexokinase and were found to mimic glucose
signaling in the regulation of photosynthetic
and glyoxylate genes, while non-metabolizable
6-deoxyglucose and 3-O-methylglucose were
found to be effective in mimicking the signaling
response in the regulation of invertase and patatin
genes. These findings support the existence of
both hexokinase and non-hexokinase sugar
sensors (Sheen et al. 1999). The identification of
two hexose transporter-like sensors, SNF3 and
RGT2, that mediate glucose regulation of glucose
transporter genes in yeast has suggested that sim-
ilar hexose sensors might exist in plants (Johnston
1999; Lalonde et al. 1999). In Arabidopsis, three
glucose transporter-like proteins have been
identified as potential candidates and it has been
suggested that distinct hexose sensors might
be used for diverse hexose signaling pathways
in plants. Hohmann et al. (1999) proposed that
hexokinase undergoes a conformational change
after binding to its substrate glucose or other
hexoses, and this regulation might be an essential
mechanism of the sensing process. This confor-
mational change of HXK might resemble the
analogous ligand-induced conformational change
of a typical receptor that allows modification of
protein—protein interactions to trigger a signaling
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cascade. It has been also postulated that altered
ATP/ADP ratios or altered cytosolic phosphate
ion concentration, as a result of hexokinase
activity, might have a signaling function, but
the experimental verifications are still pending
(Sadka et al. 1994).

HXK and HKL protein localization has been
suggested to play an important role in their func-
tions as has been evidenced from the association
of different hexokinase or hexokinase-like pro-
teins with different cell organelles (particularly
chloroplast and mitochondria; Borchert et al. 1993;
Galina et al. 1995; Wiese et al. 1999), whether
it being the HXK protein association with
mitochondria in Arabidopsis and maize or an
inner-plastidic HXK in tobacco (Galina et al.
1995, 1999). Moreover, AtHXK1 has been
reported to translocate to nucleus as well. Here it
is important that the involvement of cytosolic
hexokinases as hexose sensors has not been
observed in the cytoplasm, and it has been pro-
posed that hexoses are sensed only when produced
in the endomembrane system (Golgi—endoplasmic
reticulum). The apoplastic and vacuolar targeted
invertases are thought to play an important
role as they are enzymatically active in these
compartments and result in the generation of
monosaccharides which are then sensed. Hexoses
generated in either the endomembrane system
or in plastids are then transported into the cytosol
with concomitant phosphorylation by signaling
hexokinases. Therefore, these transport-associated
hexokinases are capable of signaling, while
the hexoses produced in the cytosol are not
(Halford et al. 1992; Koch 1996). Plant hexoki-
nases have been grouped into two types: type A
kinases (such as PpHXK1 and two Arabidopsis
HXLs), which have a predicted chloroplast tran-
sit peptide, and type B kinases (such as AtHXK1
and AtHXK?2), which have a membrane anchor.
In addition to HXKSs, plants are also reported to
contain several fructokinases, some of which have
been implicated in sugar sensing. Three fructoki-
nase (FRK) genes and several FRK-like genes have
been identified in Arabidopsis. In tomato, fructo-
kinase transcripts, FRKI and FRK2, have been
found to be induced by exogenous application
of sugars (glucose, fructose, as well as sucrose;
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Kanayama et al. 1998). Although it is generally
believed that FRKs play metabolic roles, the
identification of an frk2 null mutation in mig
mutant suggests that FRK might be involved in
sugar sensing (Pego and Smeekens 2000). This is
also confirmed from the fact that glucose-insensitive
(gin) mutants in Arabidopsis showed glucose
insensitivity but were sensitive to fructose and
sucrose. The role of fructose as signaling mole-
cule has been demonstrated in Arabidopsis where
it induces seedling developmental arrest and
interacts with plant hormones (abscisic acid and
ethylene) in a similar manner to that of glucose.
Although earlier studies have suggested the
role of fructokinase (an enzyme which phosphor-
ylates fructose in the same manner as hexokinase
phosphorylates glucose) in fructose signaling
(Pego and Smeekens 2000; Odanaka et al. 2002;
German et al. 2003), recent studies have demon-
strated the role of fructose insensitivel (FINS1)
or fructose-1,6-bisphosphatase (F6BP) as a puta-
tive signaling component. It has been reported
that role of FINSI as a signaling component is
independent of its catalytic activity and that fruc-
tose signaling is independent of HXK function
(Cho and Yoo 2011).

Hexokinase 1 (HXK1) has been implicated to
be an evolutionarily conserved glucose sensor
that integrates nutrient and hormone signals to
govern gene expression and plant growth in
response to environmental cues (Cho et al. 2006).
Based on the role of hexokinases, three distinct
glucose signal transduction pathways have been
identified in plants (Xiao et al. 2000).

1. Hexokinase dependent and metabolism
independent

2. Hexokinase dependent
dependent

3. Hexokinase independent

The regulation of photosynthetic genes by
hexokinase 1 (HXK 1) provides an excellent
example of hexokinase-dependent (metabolism-
independent) pathway. Inside the nucleus, HXK1
has been found to interact with the vacuolar H*-
ATPase B1 (VHA-B1) and the 19S regulatory
particle of proteasome subunit (RPT5B) in a
glucose-dependent manner to form an HXKI-
nuclear complex that directly binds to promoters

and metabolism
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of glucose-regulated genes (Cho et al. 2006). The
second pathway is glycolysis dependent and has
been found to be sustained by the heterologous
yeast HXK2 activity, e.g., the glucose induction
of PRI and PR5 gene expression or the sugar-
induced expression of senescence-associated
gene SAG2] (Noh and Amasino 1999; Xiao et al.
2000). The third pathway, i.e., hexokinase-
independent pathway, is represented by glucose
induction of CHS, PALI, and genes encoding
AGPase as well as by glucose repression of aspar-
tic synthase (ASNI). Ryu et al. (2004) also
reported that the induction of carotenoid bio-
synthesis genes by glucose also involves hexoki-
nase-independent pathway. This pathway has
been reported to involve (cyclic AMP-protein
kinase) cAMP-PKA signaling. cAMP synthesis
by adenylate cyclase via glucose activation
involves a dual function. Evidences have sug-
gested that multiple hexose kinases (hexokinases,
HXK1 and HXK2, or glucokinase, GLK1) on
one hand play a regulatory role through activation
of small Ras G proteins (required for adenylate
cyclase activity), while on the other hand, these
extracellular sugars (glucose or sucrose) are
sensed by the G protein-coupled receptor (GPCR)
system consisting of GPR1 receptor, GPA2
(a heterotrimeric Ga-protein) and RGS1/RGS2,
negative regulators of G protein signaling (Chen
et al. 2003; Chen and Jones 2004; Lemaire et al.
2004). Mutants in G protein-interacting mem-
brane protein (RGS/) gene have been generated
and found to have impaired glucose sensing
and that the mutants in G protein a-subunit
gene GPA1 were found to have impaired glucose
sensitivity (Huang et al. 2006; Grigston et al.
2008). Like Saccharomyces cerevisiae, G protein
signaling elements have also been identified
in Arabidopsis, which contained a G, subunit
(AtGPA1), a Gy subunit (AGB1), one or two G,
subunits, and a regulator of G-signaling protein
(AtRGS1). The Arabidopsis heterotrimeric GPA1
complex (consisting of G,, Gy, and G, subunits)
has been implicated to play an important role in
abscisic acid signaling, in biotic/abiotic stress,
in germination and early development, as well as
in glucose signaling (Tuteja and Sopory 2008).
Moreover, AtRGS1 has been reported to comprise
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a C-terminal RGS domain coupled to an
N-terminal domain with a predicted seven-
transmembrane topology which interacts with the
AtGPA1 at the plasma membrane and functions
as a GTPase activating protein (GAP) for AtGPA1
(Ritchie et al. 2002; Choi et al. 2005; Finkler
et al. 2007). Recently, Grigston et al. (2008) have
demonstrated that AtRGS1, a putative extracel-
lular receptor for p-glucose aided with the
heteromeric G protein complex, mediates the
steady-state level of transcripts of some sugar-
related genes in a G protein-coupled signaling
network in Arabidopsis.

5.2.2 Sucrose Signaling

In addition to hexoses (glucose and fructose),
other sugars like sucrose, trehalose, some rare
sugars (psicose and p-allose), and the sugar-
analogs 2,5-dideoxy-2,5-imino-p-mannitol
(DMDP, a fructose analog) are reported to have
signaling capabilities (Lalonde et al. 1999;
Smeekens 2000). These have been found to stim-
ulate the plant immune system and upregulate
various genes involved in plant growth and
development. Moreover, it has been suggested
that these compounds act as signals through
hexokinase-dependent/independent pathways
(Birch et al. 1993; Vaughn et al. 2002; Derridj
et al. 2009; Kano et al. 2011). Compared to hex-
ose signaling, sucrose signaling is far more com-
plex. Sucrose can readily be hydrolyzed to the
corresponding hexoses (fructose and glucose),
and as such, it becomes difficult to separate the
signaling function of sucrose from its hydrolysis
products, and thus, the nature of sucrose signal-
ing can often be attributed to the hexose-
dependent pathways. However, the identification
of some sucrose-specific genes (whose expres-
sion is specifically regulated by sucrose and not
by hexoses) points to an HXK-independent
sucrose-specific signaling pathway, e.g., sucrose-
specific expression of a gene encoding a proton—
sucrose symporter in sugar beet (Vaughn et al.
2002), the sucrose-mediated translational inhibi-
tion of the ATB2/bZIP11 transcription factor in
Arabidopsis (Wiese et al. 2004; Rosa et al. 2009),
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and the posttranscriptional control of a leucine
zipper transcription factor (Rook et al. 1998).
In addition, studies on starch synthesis in potato
tubers and on seed development in transgenic
Vicia narbonensis also support the involvement
of sucrose-specific signals in the differentiation
and synthesis of storage products (Geiger et al.
1998; Weber et al. 1998). Nevertheless, Loreti
et al. (2001) have reported that the expression of
a-amylase gene in barley embryos is modulated
by both glucose and sucrose independently.
Therefore, sucrose can be sensed as a signal
directly or, alternatively, a signal can arise via
its hexose cleavage products, i.e., glucose or
fructose (Chiou and Bush 1998; Li et al. 2011;
Eveland and Jackson 2012). It is also obvious
that sucrose could have a signaling mission
distinct from that of hexoses and therefore could
be perceived by different types of sensors/
receptors. The nature of sucrose sensor involved
in sucrose signaling is still obscure; however,
sucrose transporter SUT2/SUC3 has been pro-
posed to act as a sensor in analogy to SNF3 and
RGT2 glucose sensors in yeast (Eckardt 2003).
Two sucrose transporter cDNAs (CitSUT!I and
CitSUT2) have been isolated and characterized
from citrus. They have been reported to encode
putative proteins (CitSUT1 and CitSUT2) of
528 and 607 amino acids, respectively, and that
both proteins contain 12 predicted transmem-
brane domains. The expression of CitSUTI in
mature leaf discs has been found to be repressed
by exogenous sucrose, glucose, mannose, and
the glucose analog 2-deoxyglucose, but not by
another glucose analog 3-O-methylglucose,
indicating a hexokinase (HXK)-mediated signal-
ing pathway, while CitSUT2 expression has been
found to be unaffected by exogenous importing
sugars, suggesting different physiological role
for this sucrose transporter. The expression pat-
terns of citrus sucrose transporters also showed
temporal regulation as CitSUT2 has been found
to be expressed in young leaves and CitSUCI in
the mature leaves (Li et al. 2003). Remarkably,
the S1 group bZIP transcription factors (bZIP1,
bZIP2, bZIP11, bZIP44, and bZIP53) have been
found to be translationally repressed by sucrose,
and this repression has been reported to be
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dependent on an upstream open reading frame
(uORF) present in the 5’ leader of the bZIP
mRNAs (Rahmani et al. 2009; Weltmeier et al.
2009) that encodes a highly evolutionary con-
served sucrose control peptide (SC peptide). The
translational repression of bZIP transcription
factors by sucrose has recently been reported to
depend on conditional stalling of a ribosome
translating the SC peptide wherein the stalled
ribosomes on the mRNA have been found to
inhibit translational initiation of the bZIP encod-
ing ORF. In general, hexoses are considered to
have greater signaling potential in promoting
organ growth and cell proliferation, while
sucrose has been suggested to be typically asso-
ciated with differentiation and maturation. It has
also been postulated that relative ratios of hex-
oses to sucrose are perceived and maintained by
sucrose metabolic enzymes, for which different
isoforms act in a spatio-temporal manner to
control and coordinate the fine-tuning of growth
during different phases of development (Xu et al.
1996; Borisjuk et al. 2002; Koch 2004).

5.2.3 Trehalose Signaling

Trehalose is another important sugar with signal-
ing capabilities. It normally acts as an osmopro-
tectant which counters the effects of dessication
from drought, salt, or low-temperature stress
(Crowe et al. 1992). In Arabidopsis, T6P accu-
mulation has been found to be associated with
increased anthocyanin accumulation during later
stages of leaf development (Wingler et al. 2012).
Since anthocyanins accumulate under high car-
bon supply, it has been suggested that T6P
signals high sugar availability and thereby
stimulating the anthocyanin biosynthetic path-
way. Moreover, plants overexpressing microbial
trehalose biosynthetic genes have been reported
to have altered carbohydrate metabolism and
morphological defects like stunted growth
(Romero et al. 1997; Garg et al. 2002;
Schluepmann et al. 2003, 2004). These pheno-
types are thought to result from changes in carbon
allocation between sink and source tissues and it
has been speculated that trehalose might be
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involved in sugar signaling (Paul et al. 2008).
In plants, trehalose biosynthesis occurs in two
steps. In the first step, trehalose-6-phosphate
(T6P; an intermediate) is formed from UDP-
glucose and glucose-6-phosphate by trehalose-
6-phosphate synthase (TPS). The second step
involves the conversion of T6P to trehalose by
trehalose-6-phosphate phosphatase (TPP) (Cabib
and Leloir 1958). About 11 trehalose phosphate
synthase (AtTPSI-11) genes and 10 trehalose-
6-phosphate phosphatase (AfTPPA-J) genes have
been identified in Arabidopsis (Leyman et al.
2001). AtTPS proteins have been reported to carry
both trehalose-6-phosphate synthase (TPS)- and
trehalose-6-phosphate phosphatase (TPP)-like
domains. Among the Arabidopsis TPSs, only
AtTPS1 is reported to have demonstrable TPS
activity, while other TPSs lack both TPS and TPP
activities (Ramon et al. 2009). Similarly in rice,
two active isoforms of TPS1 (OsTPSla and
OsTPS1b) have been identified (Zang et al.
2011). Based on the homology of Arabidopsis
TPSs with the yeast trehalose-6-phosphate syn-
thases (ScTPS), they have been classified into
two distinct subfamilies (Ponnu et al. 2011).

Class 1 Subfamily: Tt involves AtTPSI1-
AtTPS4 which are characterized by highest overall
symmetry to ScTPS1, and in them, the TPP-like
domain is only weakly conserved. AtTPS1 dif-
fers from the other class I TPSs in that it contains
an auto-inhibitory N-terminal extension that
restricts its activity in vivo.

Class II Subfamily: It involves AtTPS5 to
AtTPS11 which displays more similarity to
ScTPS2. These are reported to contain conserved
TPP motifs. On the other hand, all trehalose-6-
phosphate  phosphatases (TPPs) lack the
N-terminal TPS-like domain and contain only the
conserved TPP domain with significant similarity
to the highly conserved phosphatase box in the
C-terminal part of ScTPS2 (Lunn 2007). Out of
the ten TPPs in Arabidopsis, only AtTPPA and
AtTPPB genes have been shown to encode active
TPP enzymes (Vogel et al. 1998). Similarly, rice
TPP2a and maize RAMOSA3 (Habibur Rahman
Pramanik and Imai 2005; Satoh-Nagasawa et al.
2006; Shima et al. 2007) have also been shown to
encode active TPPs.
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Evidences accumulated so far support the
fact that T6P, rather than trehalose itself, has
signaling capabilities. Developmental processes
that are regulated by T6P range from embryo
development to leaf senescence. Some of these
processes have been found to be regulated in
interaction with phytohormones, such as auxin
(OHara et al. 2013). T6P has been found to regu-
late starch synthesis via redox activation of ADP-
glucose phosphorylase (which catalyzes the first
step in starch biosynthesis) and has recently been
shown to inhibit the KIN10/11 regulatory kinase
(Lunn et al. 2006; Zhang et al. 2009; Wingler
et al. 2012). The direct regulation of KIN10/11
by T6P has not been demonstrated, and hence,
unknown additional signaling steps are thought
to be involved. KIN10/11 proteins have been
found to regulate gene expression through specific
transcription factors of which a small group of
bZIP G-box binding transcription factors are of
particular importance. The transcription factors
have been reported to bind to the promoters of
genes regulated by the KIN10/11 signaling path-
way. More importantly, bZIP proteins have been
found to harbor conserved motifs for phosphory-
lation by AMPK/SNF1-like kinases which make
them vulnerable to direct phosphorylation that
might regulate the activity of these transcription
factors (Baena-Gonzalez et al. 2007; Hanson
et al. 2008). However, more experimental details
are required to substantiate the conclusion.

T6P, as a signaling molecule, allows yeast
hexokinase to perceive carbon status (Paul
et al. 2001) where, as in Arabidopsis, no direct
link between hexokinase inhibition and T6P
has been observed (Eastmond et al. 2002). It has
been suggested that a protein kinase, sucrose
non-fermenting-related kinase-1 (SnRK1),
might serve as a link between the two
(Schluepmann et al. 2004). The role of SnRK1
in regulating plant metabolism has been well
established. It has been demonstrated to play
an important role in starch breakdown as
the expression of a-amylase in wheat and rice
embryos during sugar starvation requires the
SnRK1 activity. However, overexpression of
SnRK1 in potato tubers has been reported to
increase the expression of sucrose synthase and
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AGPase genes (resulting in increased starch
content) which demonstrates that SnRK1 is also
involved in activating starch synthesis (Laurie
et al. 2003; McKibbin et al. 2006; Lu et al.
2007). It has been reported to bring direct phos-
phorylation leading to inactivation of various
metabolic enzymes including 3-hydroxymethyl-
glutaryl-CoA reductase, sucrose phosphate
synthase, nitrate reductase, and trehalose-6-
phosphate synthase (Polge and Thomas 2007;
Halford and Hey 2009). Zhang et al. (2009)
have reported that T6P inhibits the catalytic
activity of SnRK1 in vitro at physiological con-
centrations in Arabidopsis seedlings, but not in
mature leaves. Such a variation in the regulation
of SnRK1 by T6P has also been reported during
wheat grain development (Martinez-Barajas
etal. 2011). It has been speculated that a protein
factor, present only in growing tissues like seed-
lings and young leaves of Arabidopsis and in
cauliflower florets, underlies these developmen-
tal changes in the inhibition of SnRK1 by T6P.
The regulation of SnRKI1 itself in response to
the availability of metabolites has not been fully
demonstrated. Jossier et al. (2009) point out
that phosphorylation of SnRK1 in response to
glucose leads to its activation. Here the role of
evolutionary conserved 14-3-3 proteins has been
documented. The 14-3-3 proteins have been
reported to bind specifically to phosphorylated
substrates and thus controlling the enzyme
activities, subcellular location, and protein—protein
interactions required for such signal transduc-
tion pathways (Finnie et al. 1999; Sehnke et al.
2002). It has also been proposed that the loss of
14-3-3 protection and the resulting proteolysis
bring about the major metabolic shift to reduce
nitrate assimilation and sugar synthesis upon
sugar starvation (Cotelle et al. 2000). Moorhead
et al. (1999) also reported the interaction of
plant trehalose-6-phosphate synthase with 14-3-3
proteins, thereby supporting a role for trehalose-
6-phosphate in the starvation response, while
Paul et al. (2001) suggested that loss of 14-3-3
binding releases trehalose-6-phosphate from the
trehalose synthesis complex under conditions of
low carbon supply. Recently, the transcription
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factor bZIP11 has been identified as an impor-
tant component of the T6P/SnRK1 regulatory
pathway (OHara et al. 2013). In Arabidopsis
seedlings, an interaction between bZIP11 and
SnRK1 has been found in response to trehalose
feeding, and a subtle mechanism including a
regulatory loop that regulates growth in response
to sucrose through an increase in T6P and
inhibition of SnRK1 and therefore of bZIP11-
dependent gene expression has been proposed.
It has been suggested that too much T6P in the
absence of a sufficient sucrose supply can result
in carbon deficit because of over-activation of
biosynthetic pathways and reduced carbon
salvage through catabolic pathways, whereas
too little T6P inhibits growth because of the
downregulation of biosynthetic pathways required
for growth (Delatte et al. 2011).

5.2.4 Glycan Signaling

Apart from sugars like glucose, fructose, sucrose,
or trehalose, glycans or oligosaccharins have
been reported to act as signaling molecules in
plants. The first indication of glycans or oligosac-
charins as signaling molecules came from the
studies on plant defense responses where it has
been shown that plant or pathogen cell wall-
released glycans elicit the defense response. It
has been reported that specific free glycans in
picomolar to micromolar concentrations have
signaling capabilities for the initiation of a num-
ber of biological processes, particularly in the
defense response of plants and the initiation of
the nitrogen-fixing Rhizobium—legume symbio-
sis. Glycan signaling systems have been sug-
gested to involve various glycoconjugates as has
been demonstrated by the changes in cytoskele-
ton, gene transcription, and enzyme activation on
the addition of O-GlcNAc to cytoplasmic and
nuclear proteins. Specific receptors on the plasma
membrane have been found to recognize the
glycans. Experimental studies with plant cell
cultures and isolated plasma membranes have
demonstrated the existence of specific cell-
surface or membrane-binding sites with binding
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specificities similar to those required for biologi-
cal behavior. The recently identified protein
CEBiP (a 75-kDa plasma membrane protein
from cultured rice cells), as a candidate for such
receptors, is a chitin oligosaccharide elicitor
binding protein that binds chitin elicitors. This
protein has been recently purified and the corre-
sponding gene cloned. The protein was found to
be a membrane protein without any appreciable
portion on the cytoplasmic side of the membrane,
suggesting that it might be part of an elicitor—
receptor complex. Further studies have shown
that reduced expression of the corresponding
gene resulted in suppression of the defense
response. Similarly, the role of glycosaminogly-
cans (GAGs) as signaling molecules is also evi-
dent from the fact that they interact with receptor
tyrosine kinases and/or their ligands and facili-
tate changes in cell behavior, e.g., hyaluronan
oligosaccharides have been found to bind to
specific membrane proteins (such as CD44)
resulting in clustering of CD44 and activation of
several kinases (such as c-Src and focal adhesion
kinase [FAK]) to bring out phosphorylation
resulting in the alteration in the interaction of the
cytoplasmic tail of CD44 with regulatory and
adaptor molecules that modulate cytoskeletal
assembly/disassembly and cell survival and
proliferation. Such a signaling by hyaluronan
oligosaccharides has been reported to depend on
the degree of polymerization of the glycans, with
low-molecular-weight chains more active than
high-molecular-weight chains. Likewise, glyco-
sphingolipids are also known to form lipid
rafts, which act as a platform for sequestering
signaling receptors, or can associate with recep-
tor tyrosine kinases to modulate their activity
(Etzler and Esko 2009).

5.3 Sugar Signaling and Gene

Regulation

Sugars are known to activate various pattern
recognition genes (Johnson and Ryan 1990;
Herbers et al. 1996a, b; Rolland et al. 2002).
A wide variety of genes have been found to be
regulated by sugars at the transcriptional level,
e.g., genes involved in photosynthesis, carbon/

W. Shahri et al.

nitrogen metabolism, stress responses, and
secondary metabolism. The initial candidate-gene
approaches have demonstrated that variations
in sugar levels could significantly modify the
expression of genes related to abiotic stress. For
example, the expression of chalcone synthase,
which allows the synthesis of photoprotective
anthocyanins and superoxide dismutase, has been
reported to be induced by glucose (Koch 1996).
Similarly, sucrose synthase gene (Sus/) encoding
sucrose synthase protein (SuSy) has been found
to be regulated by glucose and mannose. Based
on the effects of hexokinase inhibitor, N-acetyl
glucosamine, and using the mutational approach
(plants with impaired HXKI expression), it has
been shown that both the sugars (glucose and
maltose) employ different regulatory mecha-
nisms, suggesting that the regulation of Sus/
involves multiple transduction pathways. At low
concentration of sugars, hexokinase is thought to
be involved, while at higher concentrations, the
involvement of osmoticum pathway has been
suggested (Ciereszko and Kleczkowski 2002).
Moreover, the role of phosphoprotein in mediat-
ing the signal transduction has also been con-
firmed but the signaling pathway it affects has not
been clearly demonstrated for Sus/ regulation
(Ciereszko et al. 2001). It has been further
reported that the effect of sucrose on Sus/ gene is
not a direct effect of sucrose; instead, it is due to
the effect of glucose (a cleavage product of
sucrose) through hexokinase-dependent pathway.
Using mutant analysis approach in Arabidopsis,
a positive correlation between glucose feeding
and aliphatic glucosinolate biosynthesis has
been reported. Aliphatic glucosinolates have
been demonstrated to play an important role in
plant-herbivore interactions and nonhost resistance
in the Arabidopsis—Pseudomonas pathosystem.
Glucosinolate biosynthesis genes CYP79F1 and
CYP79F?2 have been found to be upregulated by
glucose. However, the upregulated expression of
these genes in double mutant myb28/myb29 has
not been reported, suggesting that the glucose-
mediated aliphatic glucosinolate biosynthesis
genes are regulated via MYB28/MYB29 tran-
scription factors. Moreover, the total aliphatic
glucosinolate content and the expression level
of MYB28 and MYB29 have been found to be
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substantially reduced in the glucose-insensitive
(gin2-1) mutant, the ABA-insensitive 5 (abi5-7)
mutant, and sugar-insensitive RGS1 (regulator of
G protein signaling 1) mutant (rgs/-2) which
suggests the hexokinase and/or G protein
involvement in mediating glucose signaling for
glucosinolate biosynthesis. The evidence for
glucose-specific induction of glucosinolate bio-
synthesis/accumulation is also evident from the
fact that fructose or mannose has been found to
be ineffective in mimicking the induction of glu-
cosinolate genes (Miao et al. 2013). In cyanobac-
terium Synechocystis, Ryu et al. (2004) have
shown that glucose induces expression of carot-
enoid synthesis genes in the dark. In this way, it
mimics the effects of high light on carotenoid
synthesis genes and thereby opens the possibility
that glucose plays a role in the regulation of
carotenoid synthesis in response to high light.
The reports by Price et al. (2004) in Arabidopsis
seedlings have also confirmed the glucose induc-
tion of several stress response genes including
oxidative-stress-related genes, such as chalcone
synthase, glucose-6-phosphate dehydrogenase,
glutathione-S-transferases, and glutathione con-
jugate transporters. Similarly, a fine example of
sugar regulation of genes at translational level is
the sucrose repression of basic leucine zipper
gene (ATB2) in Arabidopsis. For this repression,
glucose and fructose individually or together
have been found to be ineffective. The ATB2
mRNA has been found to carry a complex leader
containing small open reading frames and its
deletion from the transcript has been reported to
abolish the sucrose-mediated repression (Rook
et al. 1998). These results indicate that a sucrose-
specific signal controls translation repression of
mRNA levels (Fig. 5.2).

A sugar-signaling cascade involves sugar sen-
sors to feed information (sugar signaling) into
signal transduction cascades to result in various
types of plant responses. The signal transduction
cascade has been found to involve various com-
ponents like mitogen-activated protein kinases
(MAPKS), calcium-dependent protein kinase
(CDPK), protein phosphatases (PPs), Ca?,
calmodulin, SnF1-related protein kinase (AtSR?2),
and transcription factors (Ishiguro and Nakamura
1994; Takeda et al. 1994; Ohto and Nakamura 1995;
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Ehness et al. 1997; Rook et al. 1998; Gupta and
Kaur 2005). Sugar regulation of gene expression
can be mediated at the transcriptional and post-
transcriptional levels. Most progress has been
made through the functional dissection of
sugar-induced gene promoters. Whether it be the
characterization of sucrose-responsive elements
in the patatin class I promoter, SP8 motifs in
the promoters of sweet potato sporamin and
a-amylase genes, or sucrose-responsive sequences
in some sucrose-inducible sucrose synthase
genes (Liu et al. 1990; Ishiguro and Nakamura
1992, 1994; Grierson et al. 1994; Kim et al. 1994;
Fu et al. 1995). Both positive and negative cis-
elements have been found. Ishiguro and
Nakamura (1994) have identified and cloned a
gene SPF1, which encodes a DNA-binding pro-
tein that can recognize the SP8 motif in the spora-
min and a-amylase gene promoters. It has also
been reported that the gene encodes a negative
regulator which is transcriptionally repressible
by sucrose. SPF1 homologs have been identified
and isolated from cucumber and Arabidopsis that
were found to encode a WRKY domain tran-
scription factor. W-box and G-box elements have
been identified as essential motifs for these tran-
scription factors (Kim et al. 1997). Likewise, glu-
cose repression of rice a-amylase gene promoters
has revealed multiple cis-elements important for
sugar-related gene expression. In the promoter of
a rice a-amylase gene aAmy3, major sugar
response sequence (SRS) has been found to be
located between 186 and 82 base pairs upstream
of transcriptional site. Three essential motifs, i.e.,
the GC-box, G-box, and TATCCA element,
within the SRS have been identified (Lu et al.
1998). A more complicated interaction has been
shown in the regulation of photosynthetic genes,
particularly the interactions between sugar and
oxidative cues. In the absence of abiotic stress,
sugars such as glucose or sucrose have been
shown to repress photosynthesis-related genes
(e.g., psbA or D1 protein accumulation) in plants
and in cyanobacterial cells. In the cyanobacte-
rium Synechocystis, glucose feeding has been
found to derepress the steady-state mRNA levels
of PSII genes and induces the destabilization of
psbA transcripts. However, the enhancement of
psbA gene expression (in dark) has been reported
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to occur in response to reactive oxygen species,
hydrogen peroxide, or changes in the glutathione
redox state (Couée et al. 2006). Another classical
example of sugar-induced repression of
photosynthesis-related genes is provided by the
Arabidopsis seedlings where the increased accu-
mulation of pshA mRNA and Dlprotein in the
presence of atrazine has been reported (Sulmon
et al. 2004). Atrazine treatment itself has negative
effects on D1 protein levels; therefore, the dere-
pression in the presence of sugar and atrazine
might result from interactions between sugar and
oxidative signaling cues. Thus, on the one hand,
the effects of soluble sugars on gene expression
are mediated through sugar-specific signaling
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pathways, and, on the other hand, these effects
are linked to regulations by redox, ROS, light,
stress, and photosynthesis electron transfer
signals. These interactions have been found to be
mediated through common target genes particu-
larly photosynthesis genes (psbA), ROS defense
genes (chalcone synthase, glutathione synthase,
ascorbate synthesis gene, carotenoid synthesis
gene), and stress defense gene (HSP). However,
the interactions in their signal transduction path-
ways remain to be fully elucidated. Sugars have
also been found to activate the genes encoding
nitrate transporters, nitrate reductase, asparagine
synthase (ASN2), and glutamine synthase (GS)
which support the existence of relationship
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between sugars and nitrogen metabolism (Sheen
et al. 1999). However, a distinct asparagine syn-
thase (ASNT) gene has been found to be repressed
by sugars. Moreover, the glucose regulation of
ASNI and GS2 genes in transgenic Arabidopsis
has been found to involve hexokinase-
independent pathway. The importance of sugar
and nitrogen balance in plant life has also been
demonstrated in maize where high nitrate signals
enhance the expression of photosynthesis genes
for sugar production (Sakakibara et al. 1998;
Sheen 1999). Similarly, in senescing Arabidopsis
leaves, exogenously supplied sugars have been
found to induce expression of the senescence-
associated gene SAG2I (in an HXK-dependent
manner), while another well-characterized
senescence marker, SAG/2, has been found to
be repressed by sugars (Noh and Amasino 1999;
Xiao et al. 2000). It has been postulated that
the regulation of different SAGs might be con-
trolled differentially by other factors besides
sugars, such as developmental state and hormones
(He et al. 2001). Moreover, little is known about
the actual transcriptional machinery underlying
these responses and they have been suggested
to involve diverse transcription factors (Sheen
1990, 1999).

Involvement of Protein
Kinases

5.3.1

The involvement of protein kinases (PKs) and
protein phosphatases (PPs) as important compo-
nents in sugar signaling has been implied
(Smeekens 1998). The discovery and develop-
ment of specific protein kinase and phosphatase
activators/inhibitors in the past decade have
provided valuable tools to examine the involve-
ment of protein phosphorylation/dephosphoryla-
tion in diverse signal transduction pathways
(MacKintosh and MacKintosh 1994). It has been
shown that PP1 and PP2A inhibitors mimic glu-
cose repression of photosynthesis genes in maize
leaf cells and in photoautotrophic cultures of
Chenopodium rubrum, besides activating glu-
cose/stress-inducible invertase and phenylalanine
ammonia lyase genes (Ehness et al. 1997; Sheen
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1999). Moreover, the transcriptional repression
of large number of genes involved in metabolic
processes (respiration, gluconeogenesis, or the
alternative-carbon  source metabolism and
uptake) has been found to involve the “main glu-
cose repression pathway” wherein the glucose
sensor hexokinase (HXK2) has been reported to
interact with Glc7-Regl protein phosphatsel
(PP1) complex to bring out dephosphorylation
and inactivation of SnRK1 (Moreno et al. 2005).
However, the differential effect of protein kinase
inhibitor staurosporine on such signals suggests
the involvement of different protein kinases in
different transduction pathways. One such plant
protein kinase is the SnF1-related protein kinase
(SnRK1) with potential involvement in carbon
metabolism and sugar signaling (Halford and
Hardie 1998; Hardie et al. 1998). Four plant
SnRKs from rye, tobacco (NPK5), and
Arabidopsis (AtKIN10 and AtKIN11) have been
identified and found to complement the glucose
repression in yeast snfl mutant (Sheen et al.
1999). The SnF1 protein kinase, an ortholog of
mammalian AMP-activated protein kinase
(AMPK), has been reported to be involved in
derepression of gene expression under low glu-
cose and starvation conditions probably through
phosphorylation of Migl (a zinc-finger DNA-
binding transcription factor). The phosphoryla-
tion of Migl results in the dissociation of Migl
from the repressor complex and subsequent
export to nucleus where it interacts with HXK?2
to form a stable complex to recruit corepressor
proteins (Moreno et al. 2005). In Arabidopsis, the
activity of KIN10 and KIN11 has been shown to
be of central importance in linking stress, sugar,
and developmental signals to regulate metabo-
lism, energy balance, growth, and survival under
stress, which in turn are regulated by several fac-
tors, including cell wall-derived factors (Baena-
Gonzalez et al. 2007; Li et al. 2007; Polge and
Thomas 2007). Recently, a novel protein kinase,
MsK4 (glycogen synthase kinase 3-like kinase),
from Medicago sativa has been reported to be
involved in stress signaling and carbon metabo-
lism. It has been found to be a plastid-localized
protein kinase, associated with starch granules,
whose activity is induced by high-salt stress.
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Moreover, plants overexpressing MsK4 have been
found to accumulate more starch and carbohy-
drate content than those of wild-type plants, sug-
gesting that MsK4 acts as an important regulator
of carbohydrate metabolism to environmental
stress (Kempa et al. 2007). The role of protein
kinases in plant defense responses, induced by
cell wall-derived oligogalacturonides, has also
been documented (Ridley et al. 2001; Denoux
et al. 2008). Also, some plant defense genes have
been found to be upregulated in response to fun-
gal invasion. Cell wall-derived oligogalacturo-
nides, released from the plant cell walls, have
been suggested to act as elicitors of the plant
immune system and that the actual receptors for
these signaling molecules probably involve wall-
associated kinases (WAK1 and WAK2) that can
transfer the signal across the plasma membrane
(Brutus et al. 2010). Moreover, the link between
WAKSs and transcriptional/enzyme regulation has
been found to be established by mitogen-activated
protein kinases (MAPKSs) like MPK3 and MPK6
(Kohorn et al. 2012).

5.3.2 Involvement of Calcium

The use of chemicals that inhibit calmodulin or
Ca?* ion channels has pointed out the involvement
of Ca?* ions in sugar signaling (Ohto et al. 1995).
One such sugar-induced calcium-dependent protein
kinase (associated with plasma membrane) has
been identified in tobacco (Ohto and Nakamura
1995) which has been proposed to control the
activity of sugar transporters located in the mem-
brane. Calcium is also reported to be an essential
component of the sucrose signaling pathway
that leads to the induction of fructan synthesis
(Martinez-Noel et al. 2006). Pharmacological
studies with Ca®>* channel blockers (LaCl3),
EGTA, and calmodulin inhibitors also provided
additional evidence for the involvement of Ca**
signaling particularly in the sugar induction of
sporamin and o-amylase gene expression in
sweet potato and of anthocyanin biosynthesis
in cell suspension cultures of Vitis vinifera
(Ohto and Nakamura 1995; Vitrac et al. 2000).
In transgenic tobacco leaf discs expressing
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apoaequorin, sucrose has been found to induce
increase in cytosolic levels of free Ca®. It has
been suggested that increases in free cytosolic
Ca’* concentrations might be due to membrane
depolarization caused by sugar—proton symport
(Rolland et al. 2002). Further studies at cellular
and molecular level are required to elucidate the
precise role of Ca? in sugar signaling.

5.4  Sugar Signaling and Plant-

Hormone Interactions

Recent genetic and molecular studies of sugar-
signaling mutants in Arabidopsis have revealed
multiple interactions between sugar and plant-
hormone signaling which is evident from the
fact that these mutants display phenotypes as are
found in mutants deficient in hormone biosyn-
thesis and signaling (ABA or ethylene), in
addition to altered sugar responses; e.g., glucose-
insensitive (gin/) mutant in Arabidopsis has
been found to display phenotypes as displayed
by constitutive triple response (ctr/) mutant. The
ethylene receptor mutant (efrl) and ethylene-
insensitive mutants (ein2 and ein3) have been
found to be hypersensitive to glucose, while con-
stitutive triple response 1 (ctr/) mutant to be
glucose insensitive. Also ethylene-insensitive
mutant (ein2-1) of Arabidopsis has been reported
to have increased anthocyanin accumulation in
response to sucrose treatment, indicating a
negative role of ethylene in the sucrose and
fructose signaling pathways (Kwon et al. 2011).
Moreover, the application of an ethylene precursor
1-aminocyclopropane-1-carboxylate (ACC) to wild-
type plants, in the presence of excess exogenous
glucose, has demonstrated that the glucose-
dependent developmental arrest could be over-
come by ethylene (Zhou et al. 1998) thereby
paving ways for the growth-promoting role of
ethylene in Arabidopsis. Interestingly, the tran-
scription factor ethylene insensitive 3 (EIN3), a
key regulator in ethylene signaling has also been
shown to be differentially regulated by protein
stability by glucose in a hexokinase (HXKI1)-
dependent manner (Yanagisawa et al. 2003)
(Fig. 5.3).
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Similar cross talk between sugar and abscisic
acid (ABA) signaling has been demonstrated
through the study of various glucose-insensitive
mutants (ginl and gin5) in Arabidopsis. It has
been found that the sugar-insensitive gin/ and
gin5 mutants show reduced seed dormancy and
wilty phenotypes as displayed by ABA-deficient
(aba) mutants and that the ABA-deficient mutants
(abal, aba2, aba3, abi4, and abi5) also displayed
a gin phenotype. Further studies on sugar-
signaling mutants (ginl, gin5, isi4, and sis4) have
also revealed that these mutants contain lower
endogenous ABA levels than wild-type plants
and that the addition of exogenous ABA (at phys-
iological concentrations) reverts back the sugar
sensitivity in these mutants (Leon and Sheen
2003). The characterization of the gin6 mutant in
Arabidopsis has resulted in the identification of
ABI4 as a candidate for the transduction of the
glucose-specific signal (Arenas-Huertero et al.

2000). Although, overexpression of ABI5 has
also been found to confer hypersensitive response
to sugars, the gin phenotypes displayed by abi5
alleles have not been found to be as strong as that
of the abi4 alleles (Huijser et al. 2000). ABI4
locus has been found to encode a transcription
factor of the APETALA2 (AP2) domain family
that plays a major role during seed development
and germination together with two other loci,
ABI3 and ABI5 (Finkelstein 1994; Finkelstein
et al. 1998), while the ABI5 locus encodes a tran-
scription factor that belongs to a large basic leu-
cine zipper (bZIP) domain family which plays its
role during late embryogenesis, in postgermina-
tion developmental arrest, and in specific tissues
during vegetative growth. It has also been
observed that important cis-acting sequences
required for the regulation of ABI4 gene lie at
least 2-kb upstream of the start codon and the
predicted amino acid sequence of ABI4 contains
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a serine/threonine-rich domain, which is the
possible target for protein kinases such as those
of SnRK family. More importantly, ABI4 protein
has been shown to mediate trehalose responses,
to act as an essential element in the retrograde
signaling (from plastids to the nucleus), and to
regulate its own sugar-dependent expression
(Koussevitzky et al. 2007; Ramon et al. 2007;
Bossi et al. 2009). Moreover, both ABI4 and ABI5
are activated by glucose in an ABA-dependent
fashion (Cheng et al. 2002). Extensive cross talk
between sugar and ABA signaling pathways
has been described for various aspects of plant
growth and metabolism. On the one hand, sugars
and ABA tend to act synergistically during
embryo growth and storage reserve accumulation
which is evident from the co-induction of sucrose
induction of starch biosynthetic genes by ABA,
while on the other hand, ABA and glucose has
been found to act antagonistically during seed
germination or early seedling growth, where
exogenous glucose enables Arabidopsis seeds to
germinate on otherwise inhibitory ABA concen-
trations (Eveland and Jackson 2012). a-Amylase
transcript has also been reported to be induced by
ABA (Ohto et al. 1992). Cho and Yoo (2011)
have also reported a positive interaction between
ABA and fructose signaling through hormone
biosynthesis. Another link between the ABA and
sugar-signaling pathway is supported by the
observation that expression of GSQ5/DOGI1
requires the ABA-mediated sugar-signaling path-
way, whose alleles have been found to promote
sugar induction of ABI4 (Teng et al. 2008).
Recently, a splicing factor SR45 has been identi-
fied as a negative regulator of sugar-signaling
pathway and reported to be involved in the repres-
sion of glucose-induced ABA accumulation and
downregulation of genes for ABA biosynthesis
and signaling (Carvalho et al. 2010). The detailed
analyses of sugar-insensitive mutants have sug-
gested that ethylene and ABA act antagonisti-
cally in bringing the glucose response. The
cross-linking interaction between these two hor-
mones with respect to glucose has been further
clarified by the analysis of double mutants ginl
etrl and ginl ein2, which display the glucose-
insensitive phenotype of the ginl/aba2 mutant
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that clearly depicted that ethylene sensing and
signaling pathways are tightly interconnected
with those for sugar and ABA (Gazzarrini and
McCourt 2001; Leon and Sheen 2003). Similarly,
ginl mutant seedlings in Arabidopsis, overex-
pressing the ArHXK 1, have been found to display
glucose insensitivity, suggesting that ArtHXKI
acts upstream of ABA synthesis (Zhou et al.
1998) and FINS1 (fructose-1,6-bisphosphatse)-
dependent fructose signaling has been found to
act downstream of the abscisic acid pathway and
interact positively with ABA signaling (Cho and
Yoo 2011). FINS1 has been found to act down-
stream of GINI, involved in ABA synthesis.
These findings suggest that both fructose and
glucose interact with ABA signaling with FINS1
and HXK1 function downstream and upstream of
the ABA pathway, respectively. Further studies
by Cheng et al. (2002) and Leon and Sheen
(2003) have demonstrated that GINI/ABA2
encodes a short-chain dehydrogenase/reductase
in ABA synthesis and that CTRI/GIN4 encodes a
putative mitogen-activated protein kinase kinase
kinase which functions as a negative regulator
of ethylene signaling, thereby suggesting that
fructose signaling interacts positively with
ABA signaling via hormone biosynthesis and
interacts antagonistically with ethylene signaling
via MAPKKK.

Cytokinins are another class of plant hor-
mones found to regulate various processes
including plant immunity (Barna et al. 2008). As
far as their role in sugar sensing and signaling is
concerned, they have been found to induce cell
wall invertase (CWI) and hexose transporter
expression in Chenopodium rubrum (Ehneb and
Roitsch 1997). Cytokinins are known to delay
senescence in plants and it has been speculated
that they cannot delay leaf senescence in the
absence of CWI activity (Balibrea-Lara et al.
2004). Invertases have been found to play an
important role in sugar signaling by regulating
the sucrose levels, sink strength, and sucrose:
hexose ratio. Here the role of different invertases,
including vacuolar, cell wall, and neutral/alkaline
invertases, has been recognized (Xiang et al.
2011). De Coninck et al. (2005) have reported the
existence of two forms of vacuolar invertase in
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Arabidopsis (AtVI1 and AtVI2), both of which
have been found to produce a rare sugar
“l-kestose” in significant amounts under high
sucrose concentration. A strong correlation
between sucrose and cytokinin has been found to
exist in the induction of the anthocyanin biosyn-
thesis genes (Shan et al. 2009). Moreover, the
effect of nitrate in the activation of maize photo-
synthesis gene expression has been proposed to
be mediated through the elevation of cytokinins
(Sakakibara et al. 1998).

Auxin is an important plant hormone that is a
general regulator of growth and is also implicated
in pattern formation, lateral organ development,
and cell expansion (Kieffer et al. 2010). Various
aspects of plant growth and development have
been reported to be linked by sugar and auxin
signals. The analyses of mutants like hxkI/gin2 in
Arabidopsis have revealed that these mutants on
one hand are resistant to exogenous auxin and on
the other hand are insensitive to high glucose
(Moore et al. 2003). In Arabidopsis roots, the
expression of a WUSCHEL (WUS)-related
homeobox gene (WOXS5), reported to maintain
localized auxin in the root apical meristem, has
been found to be induced by auxin and a non-
metabolizable sugar analog “turanose” (Gonzali
et al. 2005). A substantial overlap of glucose and
auxin response pathways has been reported by
Mishra et al. (2009) in Arabidopsis seedlings in
the control of root growth and development where
about 62 % genes affected by auxin are transcrip-
tionally regulated by glucose either antagonisti-
cally or synergistically. And more recently, in
developing maize kernels, an auxin biosynthetic
gene (ZmYUCCA) has been reported to be modu-
lated by sugars thereby representing a link
between sugar status and auxin signals (Le Clere
et al. 2010). The conserved F-box and leucine-
rich repeats between the glucose-regulated GRR1
in yeast and the auxin signaling component TIR1
in Arabidopsis also suggest another possible con-
nection between glucose and auxin signaling
(Ruegger et al. 1998). Interestingly, ethylene has
also been suggested to play a role in root meri-
stem maintenance through a mechanism that pos-
sibly involves auxin as has been evidenced by
attenuation of ethylene effects in roots of certain
auxin mutants (Ortega-Martinez et al. 2007) and
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ethylene-induced expression of auxin biosyn-
thetic genes in the root meristem (Stepanova
et al. 2008). However, it is not clearly determined
whether sugar signals contribute to such signals
or not, hence needs further elucidation.

Defense reactions of plants have also demon-
strated an extensive cross talk between sugar and
hormone signaling pathways (Leon and Sheen
2003). It has been suggested that plants react to
pathogen invasion by production of some phyto-
hormones which might function as signaling mol-
ecules for stimulation of plant innate immunity to
activate defense responses (Pieterse et al. 2009).
For that purpose, a fine-tuned cross talk among
abscisic acid, jasmonate, salicylic acid, and
PAMP-triggered signals has been shown to result
in stomatal closure and then affects the defense
responses together with other signaling pathways
(Melotto et al. 2008; Ton et al. 2009; Cutler et al.
2010). In addition, many jasmonate and stress-
inducible genes have been found to be coregu-
lated by sugars (Reinbothe et al. 1994; Sadka
et al. 1994). Jasmonic acid and a number of tran-
scription factors have been recognized as poten-
tial regulators of the anthocyanin pathway in
Arabidopsis (Gao et al. 2011; Qi et al. 2011), and
it has also been shown that the cross talk among
gibberellins, jasmonates, abscisic acid, and
sucrose in a complex signaling network can mod-
ulate anthocyanin accumulation where sucrose
signaling is regarded as a primary and essential
component (Loreti et al. 2008). Similarly, the
TATCCA element is also an important component
of gibberellin response complex of the a-amylase
gene in germinating cereal grains, suggesting the
regulation of a-amylase gene expression by sugar
and hormonal signal may share common regula-
tory mechanisms (Lu et al. 1998). In Arabidopsis,
p-allose has also been reported to interfere with
gibberellic acid (GA)-mediated signaling in a
hexokinase-dependent way (Fukumoto et al.
2011). This underlines the central role of sugar-
derived signals in plant growth, physiology, and
development. However, many aspects of sugar-
signaling pathways remain to be discovered and
further studies will be required to reveal the
genetic and molecular basis of sensing and sig-
naling pathways connecting sugar and hormonal
regulation in plants.
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5.5  Conclusion

During the last decade, a significant progress has
been made in elucidating the role of sugars or
their analogs in diverse signal transduction path-
ways in plants and other organisms. It is the result
of tireless efforts by the researchers that led to
identification of sugars as signaling molecules,
earlier thought to be only simple metabolites and
energy sources. Sugar sensing has been impli-
cated in a wide range of metabolic activities
related to plant growth and development ranging
from seed germination to seedling development
and root/leaf differentiation or flower formation
to senescence and in regulating responses to
light, stress, and pathogens, through a compli-
cated network of signaling cascades involving
diverse signaling components. The research
progress made in the past few years has also
made it clear that different sugars (glucose,
fructose, sucrose, mannose, etc.) act as distinct
signals suggesting the involvement of multiple
sugar sensors/receptors in mediating parallel
signaling pathways. Different sugar sensors
have been identified and found to coordinate
various developmental processes involving at least
three distinct pathways: hexokinase-dependent/
metabolism-dependent, hexokinase-dependent/
metabolism-independent, and hexokinase-
independent pathways. These signal transduction
pathways involve their respective sensors and the
downstream components involving hexokinases,
fructokinases, sucrose transporters, G proteins,
protein kinases, protein phosphatases, cyclic
nucleotides (cAMP), Ca®*/calmodulin, and a
range of transcription factors to regulate gene
expression. Although a detailed study of
hexokinase-dependent pathway has been made,
the hexokinase-independent pathway has not
been fully characterized, and here the combina-
tion of molecular, biochemical, and genetic
approaches promises to unravel more detailed
mechanisms underlying it. The role of trehalose
in defense responses of plants has also been
demonstrated but the exact signaling nature and
the transduction pathway of trehalose is not clear
as yet. The analyses of sugar-signaling mutants
in Arabidopsis have also demonstrated an

W. Shahri et al.

extensive and complicated cross talk between
sugar and hormone signaling pathways particu-
larly between glucose and abscisic acid signaling.
Similar crosstalk between sugars and other
hormones is also emerging but needs further
elucidation at the molecular or biochemical level.
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Abstract

Nitrogen (N) is an essentially critical element which is involved in signalling
and can affect plant growth and development. The plants have evolved
different strategies involving short- and long-ranged signalling pathways
to cope with the changes in N regulations in the soil. These pathways work
at cell and plant level for coordination of N metabolism, growth, and
development in accordance with the external and the internal N status.
Currently, identification and characterization of local and systemic signal-
ling has been emphasized, but information about integrating coordination
and organization of N response of the plants is still lacking. Tracing out
the full N pathway could help us to devise and produce high N-efficient
genotypes and increase Nitrogen use efficiency (NUE). In this chapter, we
discuss the physiological as well as molecular means to understand the
mechanisms involved in local and systemic nitrogen responses and how
these responses are coordinated.
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6.1 Introduction

Nitrogen (N) is a macronutrient required for the
normal plant growth and development. Nitrogen
inputs actually define the yield and productivity
of crops (Hakeem et al. 2011, 2012a). It has been
estimated that the use of nitrogenous fertilizers
has increased sevenfold which has doubled food
production during the last century. Globally,
demand for nitrogenous fertilizer has increased
tremendously during the last century, and it will
continue to rise at the rate of 1 % per annum
(FAO 2007). Nitrogen use efficiency (NUE), the
grain yield per unit of nitrogen available from
the soil, including the residual N present in the
soil and the fertilizers (Moll et al. 1982), under
field conditions is about 30-40 %, and the
remaining N is lost into the environment particu-
larly in the intensive agriculture. The remaining
60-70 % of unused nitrogen (N) creates severe
environmental as well as health problems. The
unused nitrate leaches to ground water and causes
several health effects, such as methemoglobin-
emia and gastric cancer, among others (Hakeem
etal. 2011). Emission of unused N, from agricul-
tural fields, in the form of NO, contributes to
global warming and other harmful effects to the
environment (Hakeem et al. 2012b). The Delhi
Declaration of the International Nitrogen
Initiative  (http://initrogen.org/index.php/publi-
cations/delhi-declaration) showed the concern
about rising N losses from agriculture and
insisted for devising a comprehensive strategy
for efficient N management in agricultural and
industrial sectors. Nitrogen use efficiency can be
enhanced by optimizing interaction between
fertilizer soil and water.

It is evident that plants use different strate-
gies in response to the variations in N supply
(e.g., localized NO; in the soil, uniform high
NO;, and N starvation). The sensing and sig-
nalling for deprivation of nutrients are not well
characterized particularly for N deprivation.
Signal transduction cascade involved in phos-
phorus-deprivation response has been identified
which is controlled by sumoylation. Two
microRNAs control the gene expression under P
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and S deficiency. Understanding of short-term
and longer-term responses is necessary for
progression of signalling events under limited
internal and external supply of nutritions.

In this chapter we tried to gather the latest
information about the nitrogen metabolism and
its regulation, also to trace out its signalling
pathway.

6.2 Nitrogen: An Important

Plant Nutrient

Mineral elements play an important role in
growth and development of plants. There are 17
essential elements, of which six are required in
large quantities. During the past half century,
supply of mineral nutrients, especially N, P, and
K, through fertilizers has been considered as an
important input in agriculture sector for crop
production. Nitrogen occupies a unique position
among these mineral elements since it is an
important component of different organic com-
pounds and structures in plant cells. Nitrogen has
a role in energy transfer by being part of com-
pounds, like ATP (adenosine triphosphate) which
is responsible for conservation and use of energy
during metabolism by the cells. It is a component
of nucleic acids (DNA, RNA), proteins, vitamins,
and hormones. Nitrogen supply determines the
nature and diversity of plants, the population of
grazing animals and their predators, plant pro-
ductivity, and the cycling of carbon and soil
minerals in many terrestrial and aquatic systems
(CFAITC 2008). In agriculture, application of
nitrogen influences yield and quality of crops.
Thus, it has greatly influence food security, eco-
nomic development, and environmental quality.
Nitrogen deficiencies lead to chlorosis and
reduced photosynthesis which ultimately result
in lower yields. The deficiency of N causes a
significant reduction in the levels of phospho-
enolpyruvate carboxylase, pyruvate orthophos-
phate dikinase, and Rubisco and a concomitant
decrease in the level of their respective mRNAs
in developing maize leaves (Khamis et al. 1990).
Proteomics studies also revealed that proteins
like glutamine synthetase, phytoene synthase,


http://initrogen.org/index.php/publications/delhi-declaration
http://initrogen.org/index.php/publications/delhi-declaration

6 Nitrogen Regulation and Signalling in Plants

enoyl-CoA hydratase, 2-cys peroxiredoxin BAS 1,
and enolase-2 protein were involved in conferring
NUE to the N-efficient rice cultivars/genotypes
(Hakeem et al. 2012a).

6.3  Nitrogen in Plants

Nitrogen exists in the form of molecular N,,
volatile ammonia, oxides of N, NO; , NH,*, and
organic N (urea and amino acids). However,
NO; and ammonium are the preferred source of
N by most plant species (Leleu and Vuylsteker
2004; Hakeem et al. 2011). Under aerobic soil
conditions, although ammonium is also present
but nitrate is the dominant N form. It is the most
abundant which is under cultivation of annual
crops. Generally, field crops prefer a mixture of
NH,* and NO;, but proportionally uptake of
ammonium is more than NO; compared to their
proportion in the soil solution. It was reported
after the analysis of 35 soil samples from agricul-
tural fields that NO; in soil solution was 6.0 mM
compared to 0.77 mM of NH,* (Wolt 1994).
Uptake and assimilation of N are described in the
following sections.

6.4 Nitrogen Uptake

The first step in N acquisition and its use by
plants is the nitrate (NO; ) transport from soil
through plasmalemma of epidermal and cortical
cells of the root (Miller and Cramer 2004).
According to Forde (2007), NO; can directly
affect the gene expression associated with NO;
uptake, transport, and assimilation. It thus acts as
both a nutrient and a signal. Although most of the
higher plants can reduce NO; in roots and
shoots, the reduction of NO; is more efficient in
leaves than in roots due to easy availability of
reductants, energy, and carbon skeletons pro-
duced by photosynthesis (Chen et al. 2004).
NO; uptake is an energy-dependent process
triggered by the gradient of proton or the proton-
motive force maintained by H*-ATPase. Two or
more protons are cotransported along with every
NO; ion (Santi et al. 1995). In many higher
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plants, there exists a biphasic relationship between

NO; uptake rate and external NO; concentration.
It is suggested that there are two different types
of transporter systems in higher plants, namely,
high-affinity transporter system (HATS) and
low-affinity transporter system (LATS). HATS are
further categorized into inducible high-affinity
transporter system (iHATS) and constitutive high-
affinity transporter system (cHATS) (Okamoto
et al. 2006).

6.5 Nitrogen Assimilation

Once the NO; has been taken up by the plant cell,
the next step in the N-assimilation pathway is the
reduction of NO;. The NO; entering the plant
cell is assimilated in a series of steps involving
the action of a number of different enzymes
(Crawford et al. 2000). This reduction is catalyzed
by NO; reductase (NR) and nitrite reductase (NiR).
NR reduces the NO; into nitrite, which is then
reduced to ammonium by NiR.

NO; + NAD(P)H + H* —% 5 NO; + NAD(P)" + H,0

NO; +6 Fd,, +8H,0" —&(6e") NH] +6Fd _ +10H,0

red

In plants, NH,* formed after reduction of
NO; in the plant or absorbed directly from soils
is rapidly converted into nontoxic organic com-
pounds. In plants, NH,* assimilation to synthesize
amino acids is mediated by two enzymes: gluta-
mine synthetase (GS) and glutamate synthase
(GOGAT). GS catalyzes the first step of NH,*
assimilation into glutamate for synthesis of
glutamine (Suzuki and Knaff 2005). The reaction
is as follows:

Glutamate + ATP + NH; —%— Glutamine + ADP + Pi

GOGAT catalyzes the synthesis of two mole-
cules of glutamate. The reaction is as follows:

Glutamine + 2-oxoglutarate —2%%AT 32 Glutamate

GS/GOGAT pathway is important as gluta-
mine and glutamate synthesized produced serve
as donors of amino groups for the amino acid
biosynthesis, nucleotides, chlorophylls, poly-
amines, and alkaloids (Hirel and Lea 2001).
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Alternatively, glutamate formation involves
reductive amination of 2-oxoglutarate by NH,*,
catalyzed by mitochondrial glutamate dehydro-
genase (GDH). The reaction is as follows:

2-oxoglutarate + NH] + NAD(P)H —>Glutamate

+H,0+NAD(P)*
6.6  Molecular Physiology
of Nitrate Uptake
6.6.1 Biochemical Characterization
Inducible high-affinity transporter system

(iHATYS) is substrate inducible and is responsible
for uptake at low concentrations of NO; (below
~1 mM) that are characterized by low K, values
(5-200 pM). Constitutive high-affinity transporter
system (cHATS) is responsible for uptake at low
concentrations of NO; and provides a low-capacity
pathway in uninduced plants but operates simul-
taneously with iHATS in the induced state. Their
activity becomes threefold on exposure to NO;
(Crawford and Glass 1998). It is characterized
by low values of both K, (6-20 uM) and V,,,,.
Low-affinity transporters form a constitutive
transport system which is responsible for uptake
at high external NO; concentrations (>1 mM).
Despite of showing linear kinetics, it is a trans-
port system which is an active H*-dependent
system (Kronzucker et al. 1995). LATS are char-
acterized by high K, values (>0.5 mM). It allows
enough NO; into the cell which is sufficient to
cause the expression of transporter and genes and
probably plays a physiological role in the NO;
uptake only above a certain threshold. Molecular
studies of NO; transporters in plant suggest that
NO; transporters belong to two different families,
NNP and PTR (Forde 2000).

It is suggested that high- and low-affinity
transporters are functional at early growth stages
but the high-affinity transporters are also func-
tional at later stages when the soil N concentra-
tion is low. Studies on oilseed rape showed
that HATS accounted for about 89 % of the total
NO; uptake (18 and 79 % for cHAT'S and iHATS,
respectively) when no fertilizer was applied
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(Malagoli et al. 2004). They also found that
LATS accounted for a minor proportion of the
total NO; uptake. It is suggested that NO; -
inducible part of HATS functions mainly as a
sensor for NO; availability to the roots (Miller
et al. 2007a).

6.6.2 Genomic Organization

Nrtl and Nrt2 gene families characterize two
classes of membrane proteins which might
involve in low- and high-affinity NO; transport,
respectively (Okamoto et al. 2003). Unkles et al.
(1991) isolated the first eukaryotic NO; transporter
gene from the fungus, Aspergillus nidulans. Later
on, a NO; transporter gene (AtNrtl:1) was
identified in Arabidopsis thaliana (Tsay et al.
1993). Later, this gene was used as a probe to
isolate two more genes (LeNrtl:1) and (LeNrtl:2)
in tomato (Lauter et al. 1996). Here, Nrtl:2 is
shown to be NO; inducible and its expression
restricted to roots except in stem or leaves, but
Nrtl:1 is not limited to roots and is constitutively
expressed. Nitrate transporter genes have been
cloned from wide range of plants. BnNrtl:2 is
identified in Brassica napus also (Crawford and
Glass 1998). AtNrtl:4 is expressed in a specific
pattern petiole of leaf and plays an important role
during accumulation of NO; in these tissues
(Chiu et al. 2004). AtNrt1:3 expression was NO;
induced in the leaf, but in roots it contributed
significantly to LATS (Okamoto et al. 2003).
According to Li et al. (2007), AtNrt2:1 was the
main contributor to iHATS and cHATS.

Ammonium (NH,*) transport shows a normal
homeostatic tendency, but the range of the con-
centration at which absorption occurs is very
limited due to the potential toxicity at elevated
NH,* concentrations. Like NO;, ammonium is
also transported by transporter protein located
in the plasma membrane. AMT-type transporters
handle NH4* influx and mediate the uniport of
this ion. First NH,* transporter AtAMTI;I
was isolated from Arabidopsis thaliana
(Ninnemann et al. 1994) and then another five
homologous sequences, AtAMT1I;1 to AtAMTI;5
were discovered.
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6.6.3 Regulation of Transporters

Signals derived from NO; for regulating NO;
uptake trigger changes in gene expression which
cause N-metabolism reprogramming for facilitat-
ing the absorption and incorporation of NOj
and amino acid synthesis. Available NO; and
reduced N regulates the assimilatory pathway
of NO; . It was reported that increasing concen-
tration of NO; increased the NO, uptake in
strawberry (Taghavi and Babalar 2007). Many
LATS- and HATS-related genes are inducible
by NO;, and one HATS-related gene NpNrt2:1
is also repressible for reduced N (Quesada et al.
1997). The cHATS gives a high affinity having
less capacity pathway for nitrate entry into
uninduced barley and white spruce plants.
Nevertheless, activity of cHATS is controlled by
exposure to NO; by three times (Trueman
et al. 1996). In barley, the fully induced iHATS
flux was about 30 times higher than that resulted
from the cHATS (Quesada et al. 1997). It has
been observed that increasing transcription
increases NO; absorption rate (Imsande and
Touraine 1994). It is reported that in citrus
seedlings, LATS is controlled by feedback
mechanism induced by the N contents of plant.
The absorption of NO; is reported to decrease
due to the application of amino acids (Glu, Asp,
Asn, GIn) to the external solution (Cerezo
et al. 2000). The importance of biosynthesis of
proteins for NO; uptake is evident because of
using of chemical inhibitors in physiological
studies (Aguera et al. 1990). Cerezo et al. (2001)
proposed mechanism of degradation for trans-
porter protein in Arabidopsis. The presence of
conserved protein kinase carbon recognition
motifs in the nitrogen and carbon domains of
HvNRT2:1 (Forde 2000) indicated that phos-
phorylation activities are involved in regulation
of AtNrt2:1 activity in response to different
factors of environment. Remans et al. (2006)
reported that AtNr2:1 played an important role
as a major NO; absorption under N-deficient
conditions and influenced initiation and devel-
opment of lateral root system with external
NO; availability.
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6.6.4 Regulation of Nitrogen
Metabolism

Competition for N resources by crops causes
nutrient deficiency in the soil during the interval
between fertilizations. Nitrogen nutrition index
(NNI) is used for assessment of sub- versus
supraoptimal N supply in agriculture (Richard-
Molard et al. 2008). Study of these processes
helps environmentally safe production of the crops
which is the demand of sustainable agriculture.
New bioinformatics tools (sun gear software)
can be used nowadays for detailed study of NO;
response in plants. These analyses have identified
many genes and pathways (Gutierrez et al. 2007).
One might think that NOJ is used in a linear
pathway involving absorption and transport,
followed by its assimilation, and biosynthesis of
amino acids and protein. But, complex interactions
including storage and remobilization of NO;,
assimilation of de novo NH,*, and distribution of N
in highly branched pathway of amino acid synthesis
are affected by temporal changes in expression of
gene, enzymatic activities, metabolite levels,
and fluxes. Leaves contained high contents of NIA
transcription at the end of night when grown in
high NO; and favorable light conditions (Kaiser
et al. 1999) which led to around three times
increase during initial hours of exposure to light
(Scheible et al. 1997). The NO; assimilation rate
surpasses net flux through GOGAT pathway by
25 % and results in assimilation of reduced N in
products such as NH,* and glutamine, photores-
piratory metabolites, glycine, and serine. Usually,
assimilation of NO; and NH," is controlled
through transcriptions due to the balance between
NO; influx and its incorporation and posttran-
scriptionally due to the signals from nitrogen
metabolism. Increase of NH,* and glutamine on
feeding glutamate indicates the important role of
glutamate in the sensitive feedback mechanism
responsible for regulation of NH,*" assimilation.
Concentration of amino acids in plants regulates
the NO; uptake by plants by indicating N status
by signalling (Miller et al. 2007b). It is reported
that acids, including cysteine and asparagine, play
an important role in feedback regulation on NO;
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assimilation. Glutamate, cysteine, and asparagine
have important positions in metabolism of amino
acid for feedback inhibitors of NO; reduction.

6.7  Molecular Physiology

of N-Assimilatory Enzymes
6.7.1 Nitrate Reductase
6.7.1.1 Biochemical Characterization

and Localization

Nitrate reductase (NR) is the most important
enzyme which catalyzes the first step of NO;
assimilation in plants (Leleu and Vuylsteker
2004). It reduces NO; to nitrite with pyrimidine
nucleotide in higher plants. This is a soluble
enzyme in plants that is present in the cytosols of
epidermal cells of roots and cortical cells and
mesophyll cells of shoot. It exists as a homodimer
metalloprotein of 110-kD subunits. NO; reduction
to nitrite is catalyzed by NR by transferring
two electrons from NAD(P)H to NO; via three
redox centers composed of two prosthetic groups
(flavin adenine dinucleotide [FAD] and heme)
and a MoCo cofactor in a 1:1:1 stoichiometry
per subunit. Each redox center is attached to an
independent functional domain of the enzyme
having activity unaffected by other domains. NR
is a substrate-inducible enzyme which is the most
important limiting step in N assimilation. For this
reason, NR activity is considered as a selection
criterion for grain yield and N-assimilation
potential. Nitrate reductase in plants exists in three
major forms which are characterized by electron-
donor source, either NADH and/or NADPH
(Miller and Cramer 2004).

6.7.1.2 Genomic Organization
and Regulation

NO; reductase is regulated in both shoots and
roots. Most plants have two or more genes for NR.
Clones of both genes have been isolated and
mapped (Sivasankar and Oaks 1995). Molecular
and genetic analyses have indicated that in
plants there are two or more structural genes for
NR, the only known exception being Nicotiana
plumbaginifolia, that has a single gene for NR,
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that encodes an NADH-dependent NR (Caboche
and Rouze 1990). In barley, the NADH-specific
NR is encoded by narl gene, while the NADPH-
bispecific NR is encoded by nar7 gene. Clones of
both genes have been isolated and mapped
(Miyazaki et al. 1991) and their induction
properties have been compared (Sueyoshi et al.
1995). Although, the two proteins are distinct, the
genes respond similarly to NO; .

NR activity can be controlled either by modi-
fying the activity of already present enzyme or by
maintaining the amount of enzyme by producing
new enzymes and degradation of the old one.
Many factors regulate this enzyme. NO; triggers
transcription of inducible genes (NIA) encoding
NR. De novo synthesis of new NR, stimulated by
NO;, is one of the mechanisms for controlling
enzyme level when combined with NR-protein
degradation (Stitt 1999). NO; -induced increase
in the NR activity and NR protein is due to the
enhanced steady state level of NR-mRNA
(Miyazaki et al. 1991; Sueyoshi et al. 1995), and
this induction is shown to be repressed by down-
stream N-assimilation products like glutamine
and asparagine (Vincentz et al. 1993; Sivasankar
et al. 1997). Sucrose addition (Sivasankar and
Oaks 1995) and light also enhance NR protein
and mRNA induction. It appears that NR expres-
sion is regulated by light via phytochrome after it
istriggered by NO; . The role of light in induction
is probably more related to the activity of the
enzyme rather than to the activation of the NR
gene. In another study, NR-protein kinase was
used to identify the apparent key serine residue
in spinach NR (Bachmann et al. 1996).

Many environmental factors initiate the
modulation and posttranslational regulation of NR.
The total amount of NO; reductase depends
simultaneously on its synthesis and degradation.
Activity level can be controlled by mechanisms
involving phosphorylation of the NR protein and
binding of Mg?* or other divalent cation and an
inhibitor protein (Stitt 1999). Light has a very
important effect though it is not a direct signal for
activation of NR, but photosynthetic process is
needed for activation of NR. It has been reported
that the availability of oxygen and light is the
important external factor for rapid and reversible
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modulation of NR activity, and feeding of sugar
in the leaves in darkness activated the NR. Sugar
and/or phosphates of sugars are the internal signals
regulating the protein kinase(s) and phosphatase.
The roots usually do not change their reduction
rate as rapidly as shoots. However, during sudden
anoxia, the enzyme is rapidly modulated, being
activated within minutes (Kaiser and Huber 2001).

6.7.2  Nitrite Reductase (EC 1.7.7.1)
Biochemical Characterization
and Localization

The second enzyme in the sequence, nitrite
reductase (NiR, ferredoxin nitrite oxidoreductase),
catalyzes the six-electron transfer reaction from
reduced ferredoxin to NO;, leading to the
synthesis of NH,". It is localized in chloroplasts
in leaf and in plastids of root cells (Sechley
et al. 1992). It is a monomeric protein of about
63 kDa containing sirohaem and a 4Fe4S center
as prosthetic groups (Faure et al. 2001). Reduced
ferredoxin acts as the electron donor in both
leaves and roots. This enzyme gains reducing
power from NADPH, produced by the oxidative
pentose phosphate pathway present in the plastids
of the roots (Bowsher et al. 1989). It is reported
that ferredoxin and the NADPH-dependent
ferredoxin:NADP-oxidoreductase increase in
isolated pea root plastids due to NO; application.

6.7.2.1

6.7.2.2 Genomic Organization
and Regulation

The gene for the NiR apoprotein has been cloned
in at least six different plant species. There is one
NiR apoprotein gene per haploid genome in barley
and spinach, two in maize, and four in N. tabacum
(Kronenberger et al. 1993). The four NiR apopro-
tein genes in tobacco are reported to be involved
in encoding of two different isoforms in shoots
and in roots, as evidenced by the gene expression
(Kronenberger et al. 1993). The promoter region
of NiR gene has been fused to B-glucuronidase
(GUS), and transgene has then been successfully
introduced into tobacco (Rastogi et al. 1993).

This gene appears to be very responsive to NO,
additions and to the additions of sucrose, glutamine,
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or asparagine. The experiments of Rastogi et al.
(1993) provide evidence that induction of this
gene by NO; is a transcriptional event. However,
the addition of asparagine or glutamine results
in a repression of induction, whereas sucrose
enhances the induction (Sivasankar and Oaks 1995).
Light is also an important environmental cue in the
NiR induction (Wray 1993).

6.7.3 Glutamine Synthetase
(EC6.3.1.2)
6.7.3.1 Biochemical Characterization

and Localization

Glutamine synthetase (GS) mediates the ATP-
dependent transformation of inorganic N (NH,")
to an organic form like glutamine. This enzyme
along with GOGAT represents the major path-
way for incorporation of ammonia (toxic to plant
function) into amino acids (Hirel and Lea 2001;
Fei et al. 2006). There are two types of GS: type-I
GS, which is dodecameric with subunits of about
52 kDa, and type-II GS that is octameric and
composed of about 40 kDa subunits (Nogueira
et al. 2005). Type I is found mainly in bacteria
and type II is best identified in higher plants.
In plants, this is present as a chloroplastic (GS2)
and a cytosolic (GS1) enzyme (Scarpeci et al.
2007). Nitrogen, which is moved through a small
number of transport compounds, is added to and
removed from proteins in different organs during
different stages of plant development. A major
portion of N is released as ammonia and reas-
similated via GS (Miflin and Habash 2002).

6.7.3.2 Genomic Organization
and Regulation

Molecular analysis of GS genes reveals a multi-
gene family whose individual members encode
several distinct cytosolic GS (GS1) polypeptides
and a single chloroplastic GS (GS2) polypeptide.
Lietal. (1993) have identified five distinct cDNA
clones of GS in maize. Six distinct genes encod-
ing for GS in maize (Li et al. 1993) and five in
sugarcane (Nogueira et al. 2005) have been
identified. It has been demonstrated that GS
occurs in an organ-specific manner; roots and
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nodules generally contain proportionally more
cytosolic GS, while leaves contain more chlo-
roplastic GS (Becker et al. 1992). Genetic study
of GS has helped in explicating the role of
each isoform. Chloroplastic GS is considered
to be involved in the reassimilation of photo-
respiratory NH,*.

The genes GS2 and GS1 are controlled by the
external N application, but the extent of control is
a plant species dependent, N source, and plant
organ/tissue (Cren and Hirel 1999). Nitrogen
assimilation whether in the form of NH,* and/or
NO; has a regulatory effect on gene expression
in rice, maize, tobacco, tomato, sunflower, and
mustard (Zozaya-Hinchliffe et al. 2005). Nitrogen
and carbon metabolites could also control the
GS expression in the leaf of Arabidopsis (Oliveira
and Coruzzi 1999) and tobacco (Masclaux-
Daubresse et al. 2005). According to Zozaya-
Hinchliffe et al. (2005), light and metabolic
factors associated with light also regulate the
expression of this enzyme. Detailed studies on
Pinus sylvestris by Elmlinger et al. (1994) have
shown that regulation of GS2 expression through
light occurs crudely at transcriptional level, but
fine regulation occurs at the posttranscriptional
level. Similar observations were made in seed-
lings of tomato (Migge et al. 1998). Some mech-
anisms controlling the stability and activity of GS
have been identified. Finnermann and Schjoerring
(2000) proposed a model that can control GS1
reversibly by phosphorylation and dephosphory-
lation which incorporated the roles of ATP, Mg?*,
and 14-3-3 binding. This model is based on the
major role of ATP/AMP ratio in the light where it
is suggested that levels of ATP/AMP are high in
dark, and therefore GS1 is phosphorylated and
binds 14-3-3 proteins to protect its deterioration.
Conversely, in the light, GS1 is unphosphorylated
and becomes susceptible to damage. Riedel et al.
(2001) have also demonstrated that GS2 is
phosphorylated in tobacco. Many workers have
shown that important factors affecting GS activ-
ity are light, C status, and N nutrition. Experiments
with white, red, far-red, or blue light by Becker
et al. (1992) and Migge et al. (1998) have shown
that the phytochrome and the blue light photore-
ceptors are responsible for positive response to
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light. Carbon compounds, important in the
stimulation of GS1 and GS2 production, include
sucrose and 2-oxoglutarate (Oliveira et al. 2002).
Studies on dark-adapted Arabidopsis seedlings
have shown that sucrose enhances the expression
of GS2, thus representing the light effect. Woodall
et al. (1996) conducted experiments on pea and
barley plants and concluded that temperature is a
crucial factor that controls the GS expression.
Within 2 days of keeping the plants in 15 °C
instead of 25 °C, they observed 50 % reduction
in GS2 activity, while GS1 activity remained
unaffected. There are indications that substrate
availability (Ortega et al. 1999) or phosphory-
lation (Moorhead et al. 1999) may be an impor-
tant factor controlling the enzyme turnover and
activity respectively.

6.7.4 Glutamate Synthase
(E.C.1.4.1.13)
6.7.4.1 Biochemical Characterization

and Localization
Glutamate synthase (Glutamine (amide):2-
oxoglutarate aminotransferase, GOGAT) medi-
ates the transfer of the amide group of glutamine
(produced by GS) to 2-oxoglutarate (a-keto glu-
tarate) to form two glutamate molecules through
reduction (Ireland and Lea 1999). The discovery
of NAD(P)H-dependent GOGAT in bacteria
(Tempest et al. 1970), ferredoxin (Fd)-dependent
GOGAT in pea chloroplast (Lea and Miflin 1974),
and NAD(P)H-dependent GOGAT in carrot
cell cultures (Dougall 1974) established a route,
GS-GOGAT cycle, for the incorporation of NH;
into organic compounds. The synthesized gluta-
mate may be utilized either to fulfill the glutamate
pool for subsequent GS catalysis or to donate
its amino group to form other N-containing
compounds. One important fate of glutamate
and glutamine is the synthesis of aspartate and
asparagine. These amino acids are important
N-transport compounds in many plants (Temple
et al. 1998). In higher plants, GOGAT are present
as two different isoforms, NADH-GOGAT (EC
1.4.1.14) and Fd-GOGAT (EC 1.2.7.1), and these
differ in molecular mass, subunit composition,
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enzyme kinetics, and metabolic functions
(Gregerson et al. 1993; Sakakibara et al. 1991).
Fd-GOGAT, an iron-sulfur flavoprotein, generally
functions as a monomer with subunit molecular
mass of 130—-180kD. The presence of Fd-GOGAT
isoform in maize roots is different from the
enzyme present in leaves, and this suggested that
these are encoded by separate genes. The root
isoform has been involved in NH,* assimilation
which is derived from soil NO; (Redinbaugh
and Campbell 1993). NADH-GOGAT is also an
iron-sulfur flavoprotein and is found primarily
in nongreen tissues. In higher plants, it occurs
as a monomer with a native subunit mass of
225-230 kDa and has a pH-optimum range from
7.5t0 8.5 (Lea et al. 1990).

6.7.4.2 Genomic Organization
and Regulation

GOGAT is found in all types of organism, and its
amino acid sequence is remarkably well conserved
(Temple et al. 1998). The expression pattern of the
genes encoding cytosolic GS and NADH-GOGAT
appears to be synchronized in nonlegumes where
the function of proteins coupled with processes
such as primary NH,* assimilation derived from
soil nitrate and reassimilation of ammonium
released due to catabolism of amino acid. cDNA
clones for Fd-GOGAT have been isolated from
a number of species including barley (Avila
et al. 1993), maize (Sakakibara et al. 1991), and
A. thaliana (Coschigano et al. 1998). Full-length
cDNA and genomic clones of NADH-GOGAT
have been isolated from alfalfa (Trepp et al. 1999)
and rice (Goto et al. 1998).

Light and a variety of metabolites exert major
regulatory controls over metabolic pathways.
Evidence by Suzuki and Rothstein (1997) indi-
cates that light exerts a positive regulatory effect
on the expression of Fd-GOGAT (GLU1). GLU2
expression is also induced by light, but the induc-
tion of this gene by sucrose in dark indicates that
light-induced expression may in part be caused
by increased concentration of C metabolites.
The Fd-GOGAT activity increases with the start
of photosynthesis and photorespiration during
the expansion and development of a new leaf
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(Emes and Tobin 1993). In barley, enzymatic
activity, mRNA, and protein increased on the leaf
emergence and expansion and decreased aging of
the leaf (Pajuelo et al. 1997). Nitrate also acts as
a signal resulting in wide range changes in the
expression of key genes in N-metabolism path-
way, including Fd-GOGAT (Scheible et al. 1997).
Gene expression study in developing alfalfa
nodules suggests that NADH-GOGAT is uniquely
regulated, as compared with other genes of N
metabolism (Vance et al. 1994). The expression
of NADH-GOGAT occurred in effective nodules
and in ineffective nodules, and roots was only
12-20 % of the maximum. These results show
that active N fixation and NH,* itself or a down-
stream product of its metabolism is required for
maximum NADH-GOGAT gene expression.
Fd-GOGAT proteins from Arabidopsis and maize
contain a presequence with many of characteristics
of plastid transit peptides. Similarly, both rice and
alfalfa (Gregerson et al. 1993) NADH-GOGATSs
contain presequences that are thought to be
responsible for targeting of plastids. Interestingly,
presequences are found in all characterized
eukaryotic GOGAT proteins. As shown by the
experiments of Yamaya (2003), NH,* ions and
glutamine could serve as signals for the transcrip-
tion increase.

6.7.5 Glutamate Dehydrogenase
(EC1.4.1.2)
6.7.5.1 Biochemical Characterization

and Localization
Glutamate dehydrogenase (GDH) can release N
from amino acids to generate keto acid and
ammonia which can be recycled separately for
use in respiration and amide formation, respec-
tively. It is thought to be an alternative pathway
for the glutamate formation involving reductive
amination of 2-oxoglutarate by NH,*. Its role in
plant cells remains controversial (Miflin and
Habash 2002). It is yet to be clearly established
that the enzyme has an important role in NHj
assimilation or in recycling of carbon (Dubois
et al. 2003). Studies have shown that it is involved
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in the deamination of glutamate for energy
supply and return carbon from amino acids into
metabolism of carbon during shortage of carbon
or energy (Miflin and Habash 2002). However,
Dubois et al. (2003) have still speculated the
physiological role of GDH in plants. GDH is
capable of synthesizing or deaminating gluta-
mate, but the direction of activity depends on
specific environmental cues (Pahlich 1996). One
isoform of enzyme, localized in mitochondria in
roots and leaves, uses NADH as the electron
donor (Sechley et al. 1992). Another isoform,
having specific requirement for NADPH, is pres-
ent in chloroplasts of photosynthetic tissues. The
primary role of GDH could be replenishment of
TCA cycle intermediates via its oxidation to
2-oxoglutarate. Glutamate is deaminated to
2-oxoglutarate in isolated mitochondria; however,
in the presence of aminooxyacetate, glutamate no
longer contribute to mitochondrial respiration
(Sechley et al. 1992). This observation indicates
that GDH does not oxidize glutamate.

6.8 Improving NUE Through
Manipulation of Signalling

Targets

The failure to improve NUE in transgenic plants
by overexpression of enzymes of NO; and NH;
incorporation has supported the theory that meta-
bolic flux via such pathways may be regulated by
regulatory switches outside these pathways. The
NO; sensing and signalling is not well under-
stood. Posttranslational control of some nitrate-
responsive enzymes is carried out by 14-3-3
proteins despite the fact that these control light
effect and other signals, rather than NO; . Some
elements which could be related with NO; sig-
nalling are Ca® and protein kinases/phospha-
tases. These elements are involved in mediation
of the NO; signal which is responsible for
expressing NR, NiR, and GS2 mRNAs
(Sakakibara et al. 1992; Sueyoshi et al. 1999).
Hartwell et al. (1999) observed that Ca**-free
PEPCase protein kinase is a member of the Ca?
calmodulin-regulated group of protein kinases.
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Krapp et al. (2002) explained the specific roles of
these groups in mediation of NO; and other
interacting signals. Study of mutants associated
with signal-transfer cascade can lead to better
understanding of the nitrate-signalling cascade
from NO; to the NR gene (Ogawa et al. 2000).
It reveals some intermediary and potential sites
for the management of NUE. Light is an another
signal which is responsible for the regulation of
the expression of many nitrate-responsive genes
(Raghuram and Sopory 1995; Chandok et al. 1997,
Lillo and Appenroth 2001). In green plants, light
controls signalling and NUE via the photosynthetic
process and sugars (Lillo and Appenroth 2001).
At the posttranslational level, light modulates the
enzyme phosphorylation status, in connection
with 14-3-3 proteins.

Transcription of NO; -responsive genes by NO;
as a signal needs cis-acting regulatory sequences
or NO; -responsive elements (Raghuram et al.
2006). Zhang and Forde (1998) reported the
presence of ANRI, a putative signalling and
NUE transcriptional factor which is similar to
the MADS-box family in Arabidopsis thaliana.
ANRI1 is NOj inducible and root specific which
is responsible for lateral-root proliferation due to
NO; in transgenic plants (Forde 2007). However,
this type of transcription is not related with known
NO; responses even in the root. The manipulation
of N by Dofl overexpression shows that under-
standing of the signalling mechanisms may lead
to new goals and techniques for metabolic-
engineering activities in future (Lochab et al.
2007). Yanagisawa et al. (2004) developed such
transgenic Arabidopsis lines that can overexpress
Dof1. Dofl is a maize protein of Dof family of
plant-specific transcriptional factors which is
responsible for activation of different genes
responsible for C-metabolism related to metabo-
lism of organic acid. The transformants indicated
approximately 30 % more mRNA and enzymatic
activities for PEP carboxylase and pyruvate
kinase, without decreasing GS, NR, and GOGAT
RNAs. If Dof1 is not induced by NO;, it will
indicate numerous transcriptional factors which
may mediate in the coordination of gene expression
responsible for nitrogen and carbon metabolism.
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6.9  Understanding Nitrogen
Regulation Through

Proteomics

The complete genome sequences and technologies
have improved monitoring of the transcriptional
reprogramming of cells due to environmental
factors. However, further studies show that
transcriptional factors are not perfect indicators
of levels of protein in vivo fluxes (Griffin et al.
2002; Washburn et al. 2003; Daran-Lapujade
et al. 2004), and thus it brings poor comprehen-
sion of complete biological systems. The use
of sensitive and quick techniques to identify
and technical improvement of protein by two-
dimensional gel electrophoresis (2-DE) have
made these techniques sophisticated for analysis.
Proteomics is used for relatively fast, sensitive,
and reproducible investigation of changes in the
protein profile caused by introduction, mutations, or
gene silencing due to various stress factors. This
technique is important for generating informa-
tion on physiological, biochemical, genetic, and
architectural aspects of cells. Proteomics is an
important technique for characterizing lines,
individuals, and estimation of inter-/intrapopulation
genetic variability, establishing genetic differ-
ences for use in phylogenetic studies, and charac-
terizing the mutants with localized encoding of
genes that indicated proteins (Thiellement et al.
1999). This is necessary for decoding the role
and function of genes in plant genome sequenc-
ing projects. Use of proteomics can tremendously
increase agricultural productivity (Dhand 2000;
Xu et al. 2006). It is the most important method
used for identification of proteins repressed,
induced, or modified through posttranscription
during the development as complex as senescence.
Protein synthesis and accumulation in the seeds
is dependent upon N supply from the mother
plant during seed development. In legumes,
sources of N could be (1) exogenous N absorbed
from the soil N and/or N fixed by the symbiotic
relationship with microbes and (2) from N
mobilized from vegetative parts. Nitrogen fixed
by microbes is not sufficient to fulfill the high N
demand for seed development (Sinclair and
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de Wit 1976; Salon et al. 2001). Nitrogen
mobilization for seed development closely
related the shedding of vegetative parts which is
due to the decrease in protein and chlorophyll
and subsequently leaf yellowing.

Amount of available N and its source affected
the complex and poorly understood metabolic
rearrangement (ter Schure et al. 2000; Wek et al.
2004). Both limitations and availability of N had
overrepresented the proteins in the category
“metabolism” (42 proteins), which resulted in
rearrangement of metabolic processes in yeast
for adaptation under changed nutrient availability
(Kolkman et al. 2006). Canovas et al. (2004)
characterized symbiotic proteins and defined the
modifications in their metabolisms while inter-
acting with each other. Proteome maps from con-
trol Melilotus alba roots, wild-type nodules, and
cultured Sinorhizobium meliloti bacteroids were
developed and compared. Sequencing of N pres-
ent in amino acid and MALDI-TOF-MS peptide
mass fingerprint analysis along with database
searching were used for putative identification
of about 100 nodule, bacterial, and bacteroid
proteins. Deregulated proteins between the
N-deficient media of C/N ratio and control have
been identified to better understand the metabo-
lism and regulation of N in the cultured Monascus
cells under limited N supply (Lin et al. 2005).
This study demonstrated that proteomics helps in
the investigation of biological processes through
systematic analysis of many expressed proteins
that is a good approach to associate sequencing
with functional genomics.

6.10 Conclusion

Nitrogen uptake, assimilation as well as utilization,
is highly controlled by signalling pathways.
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Abstract

Phosphorus (P) deficiency is a common nutritional factor limiting agricul-
tural production around the globe. Application of phosphatic fertilizers is
generally recommended to cope with P deficiency; however, low use effi-
ciency of available P fertilizers both in calcareous and acid soils limits its
viability and also had serious environmental concerns. Higher plants have
adapted a number of mechanism to live with low available P in soil such
as changes in root morphology and architecture, decreased growth rate,
improved P uptake and utilization efficiency, and exudation of organic
acids and enzymes to solubilize external inorganic and organic P com-
pounds in the rhizosphere. Plant species and even cultivars widely differ in
P efficiency because of differences in one or more of these mechanisms.
Exploitation of these genetic variations among crop plants can sustain
agricultural production. Understanding the mechanism involved in sens-
ing P deficiency could facilitate selection, breeding, and genetic engineer-
ing approaches to improve crop production in P-stressed environments
and could reduce dependence on nonrenewable inorganic P resources. In
this chapter, we briefly reviewed the responses of P deficiency in higher
plants, their adaptive mechanisms, and signaling pathways.
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7.1  Introduction

Phosphorus (P) is an essential macronutrient
which constitutes about 0.2 % of plant’s dry
matter (Marschner 1995). Phosphorus is required
during the process of energy generation and
transfer, carbon metabolism, membrane synthe-
sis, enzyme activation, and nitrogen fixation
(Schachtman et al. 1998) and is a constituent of
key biomolecules like nucleic acids, phospholip-
ids, and adenosine triphosphate (ATP) (Marschner
1995). Limited P availability in soils is an impor-
tant nutritional constraint to the growth of plant
(Bates and Lynch 2000). Phosphorus is the least
mobile nutrient under most soil conditions irre-
spective of total P contents in the soils (Hinsinger
2001; Schachtman et al. 1998). Soils can be clas-
sified into two major groups with respect to total
P contents: soils containing inherently low-P
contents like acrisols or sandy soils, and other
group of the soils includes nitisols, acid andosols,
or calcareous/alkaline soils that contain consider-
able amount of P, but major fraction is fixed with
different soil constituents. In both type of soils, P
concentration in soil solution is suboptimal and is
generally in the range of 1-10 pM (Frossard et al.
2000; Mengel and Kirkby 1987; Ozanne 1980;
Schachtman et al. 1998). Suboptimal P levels in
soil solution can cause yield depressions up to
5-15 % of maximum crop yields (Shenoy and
Kalagudi 2005). Application of P fertilizers is
the most common practice to address the prob-
lem of low-P availability in agricultural soils
(Ramaekers et al. 2010). However, this practice is
confronted with daunting challenges of immobi-
lization/precipitation of applied P with soil con-
stituents, depletion of nonrenewable P sources,
and high cost of P fertilizers (Vance et al. 2003).
Available P in most of soils may constitute
< 0.1 % of total soil P (Khan et al. 2009).

In P-deficient soils, the use efficiency of applied
P is very low and >80 % of applied P may be
fixed on soil constituents or precipitation with
Ca, Fe, and Al compounds and thus becomes
unavailable to the plants (Gill et al. 1994; Trolove
et al. 2003; Vance et al. 2003) or converted to
organic forms (Holford 1997) and about 20 % or
less of P applied is removed by the crop in the
first year after its application. According to the
US geological survey, globally, 22 million tonnes
P extracts from natural sources annually (Gaxiola
et al. 2011). Globally, P consumption is increas-
ing about 3 % annually and natural reserves may
be depleted in the near future (Cordell et al. 2009;
Jasinski 2008).

Globally, the demand for P is increasing by
3-4 9% (Maene 2007) and major demand is com-
ing from Asian countries (Cordell et al. 2009).
Modern agriculture is fully dependent on appli-
cation of P fertilizers which are manufactured by
using nonrenewable phosphate rock. The known
reserves of phosphate rock are sufficient only of
approximately 50-100 years (Smil 2000; Steen
1998). Strategies and management practices
should be adopted to increase P use efficiency for
sustaining agricultural production. This can be
accomplished by breeding crops which are effi-
cient in P acquisition or P use (Gill et al. 2004,
Gill and Ahmad 2003), as presence of variability
among different crop cultivars has been reported
for P efficiency (El Bassam 1998; Kosar et al.
2002; Osborne and Rengel 2002; Ozturk et al.
2005; Singh Gahoonia and Nielsen 2004). An
adaptation of cultivars which are efficient users
of nutrients is an easy approach due to no
additional costs and no major changes in crop-
ping systems. Categorization of crop cultivars on
the basis of growth and P uptake will be helpful
in the identification of varieties which can be cul-
tivated in different soils and selection of parents
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for recombination breeding to develop P-efficient
cultivars (Gill et al. 2004). Efficiency of applied
P fertilizers can be increased by growing crop
species/varieties efficient in P absorption and
utilization and thus reduce the environmental
degradation as well as input cost.

7.2  Adaptations of Plants to

P-Deficient Environment

Plants have a wide range of adaptive mechanisms
under P-deficient conditions to absorb sufficient
P to maintain metabolic activities and growth
(Lambers et al. 2010; Rengel and Marschner
2005). Physiological mechanisms relating to
P-deficiency tolerance by crop plants have been
reported by many of the earlier scientists
(Krasilnikoff et al. 2003; Singh Gahoonia and
Nielsen 2004), and some of these adaptations are
listed in Table 7.1. Plant adaptations can be
grouped into two major categories (Rengel and
Marschner 2005; Vance et al. 2003), viz., acqui-
sition efficiency and utilization efficiency.
Acquisition efficiency is the capacity to absorb
sparingly soluble nutrients like P, while utiliza-
tion efficiency is the capacity to produce a large
amount of biomass per unit of nutrient absorbed.
Strategies which aim at reducing P use include
decreased growth rate, enhanced growth per unit
of P absorbed, remobilization of internal P, modi-
fications in metabolism of carbon and alternative
respiratory pathways (Uhde-Stone et al. 2003),
and modifications in the biosynthesis of mem-
brane requiring less P (Lambers et al. 2006;
Plaxton and Carswell 1999; Uhde-Stone et al.
2003; Wasaki et al. 2003).

Exudation of phosphatases, release of
organic acids from roots (Dakora and Phillips
2002; Gahoonia et al. 2000; Johnson and
Loeppert 2006; Singh Gahoonia and Nielsen
2004; Vance et al. 2003), enhanced root growth
with altered root architecture (Bucher 2006;
Raghothama and Karthikeyan 2005; Singh
Gahoonia and Nielsen 2004), root hair devel-
opment, and enhanced expression of P; trans-
porters (Gilroy and Jones 2000) are responsible
for enhanced P uptake.
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Different plant species and genotypes within
species differ in adaptive mechanisms for
efficient P use. Intraspecific variations for P
acquisition and utilization in several species are
well documented (Aziz et al. 2006, 2011a; Gill
et al. 2004; Lambers et al. 2010, 2011; Singh
Gahoonia and Nielsen 2004). These variations
may be attributed due to differences in relation
to external critical levels of P; internal critical
requirements; P uptake, transport, and utiliza-
tion efficiencies; exudation pattern; root mor-
phology; and expression of P; transporter genes
(Aziz et al. 2006; Singh Gahoonia and Nielsen
2004). Specific traits/mechanisms responsible
for P efficiency in higher plants are briefly
reviewed below.

7.2.1 Architectural Adaptations

Root architecture, defined as the spatial configu-
ration of plant roots, is important for absorption
of relatively less mobile nutrients like P (Lynch
2007; Zhu et al. 2005). Architectural adaptations
are related to the change in root branching, root
length, and formation of root hairs (Lépez-Bucio
et al. 2002; Richardson and Simpson 2011;
Trachsel et al. 2011). Plants differ in the mecha-
nisms for absorption of P from deficient environ-
ments. Efficient plant genotypes may have
adaptations to explore more soil by increasing
surface area, transforming plant-unavailable
forms of nutrients in available forms, and take up
nutrients across the plasma membrane (Rengel
2001). Plant roots perform a range of functions in
plants like anchorage and absorption of nutrients
and water (Bertin et al. 2003; Lambers et al.
2006, 2010; Lopez-Bucio et al. 2003). Thus, the
changes in the root architecture could affect
nutrient and water absorption by plants. Root
architecture is affected by three major processes,
viz., (1) cell division at the primary root meri-
stem which determines growth by adding new
cells to the root, (2) lateral root formation which
improves exploration of soil by the roots, and (3)
development of root hairs, thereby increasing the
root surface area (L6pez-Bucio et al. 2003). The
rooting pattern of plants is mainly determined by
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Table 7.1 Plant adaptive mechanisms to cope with P deficiency in soil

Inefficient
Trait Efficient genotypes genotypes References
P contents in harvested Low High Marshall and Wardlaw (1973) and
portion Richardson and Simpson (2011)
Internal critical P Low High Hammond et al. (2009), Lambers et al.
concentration (2011), and Ozturk et al. (2005)
Number of adventitious More Less Bates and Lynch (2001), Gahoonia et al.
roots (1999), Jungk (2001), Liao et al. (2001),
Root diameter Fine Course Lynch and Brown (2008), Richardson and
Root volume High Low Simpson (2011), Trachsel et al. (2011), and
Rooting density High Low Walk et al. (2006)

More shallower
roots exploring
surface soil

Root architecture and
root growth angle

Root hairs More and long

Root exudates Higher amounts
Organic acids/anions

Phosphatases

Internal P utilization High

P remobilization Yes

Specialized root structures ~ Cluster roots

the plant species, soil structure, and their interac-
tion (Bertin et al. 2003). The larger root system
provides more surface area for nutrient absorp-
tion by increasing the contact with soil which
plays an important role for P absorption (Aziz
et al. 2011a; Gahoonia and Nielsen 1998; Lynch
2007; Romer and Schenk 1998).

Distribution of nutrientsin soils is heterogeneous
or patchy. In order to enhance nutrient uptake,
plant roots have to exploit these nutrient patches.
Asymmetrical development and exceptional flexi-
bility in architectural patterns of roots enable
plants to exploit soils and allow root proliferation
in nutrient-rich zones (Lynch 1995). Depending
upon the plant species and environmental condi-
tions, the root systems vary widely in terms of root
architecture, including number and size of root
hairs (Lambers and Shane 2007; Lynch and Brown
2001; Shane et al. 2006).

Various root characteristics including root
architecture, root diameter, root hairs, cluster

Lower amounts

Lower

No or minimum

No or very little
cluster roots

Less shallower
roots

Less and short

Lambers et al. (2010, 2011),

Aziz et al. (201 1a), Pearse et al. (2006a),
Pang et al. (2010), Richardson and Simpson
(2011), Gregorge et al. (2008),

Ma et al. (2009)

Lambers et al. (2010), Aziz et al. (20006,
2011a), Hammond et al. (2009), and
Ozturk et al. (2005)

Aziz et al. (2011b), Lambers et al. (2010),
Akhtar et al. (2008), Nagarajan et al.
(2011), Lovelock et al. (2006)

Shane and Hans (2005), Pearse et al.
(2007), and Lynch (2007)

roots (Bates and Lynch 2000; Hill et al. 2006;
Singh Gahoonia and Nielsen 2004), symbiotic
relationship with mycorrhiza, kinetics of P
uptake, and rhizospheric processes (Aziz et al.
2011a; Hinsinger 2001; Pang et al. 2010; Ryan
et al. 2009) cause variations in P uptake among
the plant species/cultivars (Lynch and Brown
2001; Singh Gahoonia and Nielsen 2004).
Response to P deficiency by plant roots involves
changes in root architecture and the shift of bio-
mass allocation from basal to adventitious roots
in such a way to explore more topsoil or P-rich
(Lambers and Shane 2007) sites for P acquisition
(Liao et al. 2001, 2004; Lynch and Brown 2001).
These adaptations include horizontal basal root
growth, increased adventitious root formation,
enhanced lateral root formation, and increased
root hair density and length (Bonser et al. 1996;
Liao et al. 2001; Lynch 2007). Topsoil foraging is
strongly associated with P acquisition in low-P
soils (Rubio et al. 2003; Zhu et al. 2005) due to
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low mobility of P in soil. Low P in the rooting
zone favors the formation of lateral roots (L6pez-
Bucio et al. 2002; Lynch 2007). A large root sur-
face area is achieved by a combination of reduced
mean root diameter and elongation of relatively
thinner roots (Fitter et al. 2002). Root diameter is
very important in exploration of soil volume by
roots as it determines the volume of soil that can
be explored by the roots (Fitter 1991; Gahoonia
et al. 2006). Plants with a smaller root diameter
can explore more soil per unit of root surface area
(Fitter et al. 1991) and can efficiently uptake P
from limiting environments (Singh Gahoonia and
Nielsen 2004).

Root hair enhances the ability of roots to
explore the rhizosphere for P due to increased
surface area for absorption (Hill et al. 2010; Ma
et al. 2001b; Zhu et al. 2010). Root hairs consti-
tute up to 77 % of the total root surface area and
thus are the major point of contact between
plants and the rhizosphere (Fohse et al. 1991;
Gahoonia and Nielsen 1998). Under P defi-
ciency, increased root hair density and length is
well documented in legumes (Yan et al. 2004)
and barley (Gahoonia and Nielsen 1998). Ma
et al. (2001a) reported that root hair density in
Arabidopsis thaliana was high under P defi-
ciency. Oilseed rape was reported to contain
large amount of P as compared to maize despite
having less root and shoot biomass (Morel and
Hinsinger 1999), and this could be due to long
root hairs of oilseed rape compared to maize
(Gahoonia and Nielsen 2004). Large differences
in root morphology and distribution are present
between genotypes of many plants (Bates and
Lynch 2001; Krasilnikoff et al. 2003; Romer and
Schenk 1998; Vance 2001). Root characteristics
such as total root length, root hair length and
density, and specific root length have been
shown to vary considerably between genotypes
of several species (Lges and Gahoonia 2004;
Nielsen et al. 1997; Romer and Schenk 1998;
Singh Gahoonia et al. 1997; Yan et al. 1995).
Significant differences in P uptake in cereal
cultivars grown on low-P soil were reported
due to differences in length of root hairs of these
cultivars (Singh Gahoonia et al. 1997). Similarly,
genetic differences in P uptake in cowpea and

in maize due to variation in root length and
root hairs have been reported (Krasilnikoff
et al. 2003).

Maize genotypes modified their root architec-
ture in response to low P in the rooting medium
(Zhu et al. 2005). Genotypes which performed
better under P-deficient conditions develop
shallow root systems to tap P accumulated in
topsoil and have greater specific P absorption
rate, tissue P contents, relative growth rate, and
biomass accumulation than others (Zhu et al.
2005). Phosphorus availability regulates different
aspects of root architecture like axial extension,
root branching, basal root gravitropic, the relative
distribution of basal root length, and adventitious
roots (Liao et al. 2004; Miller et al. 2003; Ochoa
et al. 2006).

These differences raise the possibility of
selection and breeding of crop genotypes having
extensive root systems to cope with P deficiency
in soils. Earlier studies showed that root growth
(root size, root weight, etc.) positively correlated
with biomass production in different crops
(Barraclough 1984; Gill and Ahmad 2003; Kosar
et al. 2002; Olaleye et al. 2011).

7.2.2 Root Biomass

Preferred biomass partitioning towards the roots
is one of the most important adaptive mecha-
nisms of the plants under P-deficient conditions
(Hermans et al. 2006; Mollier and Pellerin
1999). Plants allocate more assimilates towards
those areas which are directly involved in nutri-
ent acquisition (Marschner 1995). Difference in
preferred biomass partitioning between roots
and shoots of the plants grown under P-deficient
and sufficient supplies could be ontogenetic
(comparing the plants at different growth stages)
rather than a truly plastic response (Kemp and
Blair 1994; Niklas 1994). However, it is evident
that P supply influences biomass partitioning
directly independent of ontogeny (de Groot and
Grubmiiller 2001; Ryser et al. 1997). Mollier and
Pellerin (1999) reported that root:shoot ratio of
maize significantly increased in P-deficient plants
as compared to those grown with sufficient P
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supply, and this could be due to preferential dis-
tribution of carbohydrates towards roots under
P-deficient conditions. Phosphorus deficiency
causes accumulation of carbohydrates in roots and
thus increases the root:shoot ratio of the plants
(Cakmak et al. 1994; Hermans et al. 2006).

7.2.3 Phosphorus Uptake

Phosphorus moves to the plant roots by diffusion
due to its strong reactions with soil constituents
(Hinsinger et al. 2006; Rahmatullah et al. 1994;
Trolove et al. 2003). Plants absorb P ions actively
across the plasmalemma against the concentra-
tion gradient between soil solution and roots
(Schachtman et al. 1998) as concentration of
orthophosphates is usually very low (Bieleski
1973; Schachtman et al. 1998).

Plant species and cultivars differ greatly in
their growth responses to low-P supply in the
rooting medium (Gill et al. 2004; Gill and Ahmad
2003; Veneklaas et al. 2012). Some plants can
grow efficiently in low-P soils mainly because
they can take enough P for their optimum growth.
Genotypes that are more efficient in P acquisition
from deficient conditions are generally consid-
ered better adaptable to P deficiency in soils and
their impact on adaptations to P stress (Duncan
and Baligar 1990; Liu et al. 2004; Osborne and
Rengel 2002; Rengel and Marschner 2005).
Variations in nutrient acquisition from the root-
ing medium are attributed to variations in root
plasticity in response to nutrient status, differ-
ences in uptake along the roots, and plant growth
rate (Gahoonia and Nielsen 2004; Krasilnikoff
et al. 2003). These may include morphological
features as well as the biochemical mechanisms
responsible for the initial transfer of ions across
root cell membranes (Bates and Lynch 2000;
Schachtman et al. 1998; Vance et al. 2003).

Naturally, plants can accumulate P and other
nutrients selectively and actively in their tissues
(Marschner 1995). Uptake kinetics explains the
relationship between concentration of nutrient in
soil solution and its influx into the root, and it can
be explained in terms of a modified Michaelis-
Menten kinetics (Nielsen 1972). Later on, idea of
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dual phasic P transport system which operates at
low or high nutrient concentration in external
solution was proposed (Epstein and Leggett
1954), and uptake systems were classified as low-
and high-affinity uptake systems. Two indepen-
dent Michaelis-Menten-type systems have been
proposed in the literature under varying levels of
P supply. Ullrich-Eberius et al. (1984) reported
two P uptake systems with significantly different
K., values. The value of K, in both systems was
higher under P depletion. High-affinity system is
inducible and operates when external P concen-
tration is very low (Clarkson and Scattergood
1982; Smith et al. 2000). As P concentration in
the rhizosphere is very low (usually in uM
range), only high-affinity uptake system operates
in soil (Raghothama 1999).

Buhse (1992) proposed that differences in
influx at the same concentration in solution are
related to the uptake kinetics parameters, I
(maximum uptake rate), K,, (external concentra-
tion at which uptake rate is half of /,,,), and C;,
(minimum concentration at which influx ceases).
Several authors reported that large reductions in
shoot P concentration were related to an increase
in I, (Anghinoni and Barber 1980; Drew 1984).
Jungk and Barber (1974) proposed that increased
I ..« under low shoot P concentration may be due
to new root development during starvation period
or increased concentration gradient with root P
contents. I, value should be adjusted according
to P concentration in plant and possibly root
radius (Anghinoni and Barber 1980). The C;,
value indicates the lowest external concentration
below which plants are unable to take up P from
solution. Plants able to take up P at very low con-
centration in the soil solution (C,;,) would be
more efficient in P acquisition. Differences in
values of uptake kinetics among several crop
cultivars are well reported (Asher and Loneragan
1967; Nielsen and Barber 1978; Nielsen and
Schjgrring 1983).

Molecular research has revealed that plants
have both a low- and high-affinity P uptake sys-
tem (Bieleski 1973; Muchhal and Raghothama
1999). High-affinity systems are induced at
low-P conditions (Furihata et al. 1992), while
low-affinity system appears to be constitutive in
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plants (Raghothama 1999). Multiple plasma-
lemma P transporters differentially express under
varying P nutritional regimes (Epstein and
Leggett 1954; Plaxton and Carswell 1999). The
high-affinity transporter mRNA transcripts in
roots increased under low external P concentra-
tion for increased capacity of roots for P uptake
(Duncan and Carrow 1999; Shenoy and Kalagudi
2005). These high-affinity transporters play an
important role in the P acquisition under
P-deficient root environment.

Bhadoria et al. (2004) reported the existence
of differences in P use efficiency in maize and
groundnut grown in solution culture which were
related to differences in uptake kinetics of the
two species. These differences observed in solu-
tion culture were opposite to those observed in
the field (Bhadoria et al. 2004) and were proba-
bly based on several other edaphic factors other
than uptake kinetics. Gahoonia and Nielsen
(2004) proposed that genotypes should be
selected for high 7., values and root length and
low for C;, and K,, values. Lower C,;, values
show the ability of plants to uptake P at low con-
centration in soil solution that could be impor-
tant in future low-input sustainable agriculture
systems particularly in developing countries.
They further pointed out that the importance of
uptake kinetics parameters of plants in the soil
plant system is still to be investigated. As P is
moved in soil through diffusion, uptake effi-
ciency of plants is of minor importance in the P
acquisition (Barber 1995) than different P
acquisition traits such as root dry matter, root
length, no. of root hairs, and root hair density.
Barber and Mackay (1986) and Krannitz et al.
(1991) also reported that differences among cul-
tivars of a species in P uptake can be explained
by differences in root growth.

7.2.4 Nutrient Translocation/
Remobilization Within
the Plant

Movement of nutrients within the plant body
under deficient conditions is another mechanism
adopted by plants to cope with deficiency.

139

Salinas and Sénchez (1976) proposed that
these differences in nutrient movements under
varying levels of nutrient supply are adjust-
ments to adapt to deficiency. The capability of
plants for retranslocation of P from one plant
part to another is an adaptive strategy used
by some plants under low-P supply (Gill and
Ahmad 2003).

Efficient redistribution and reutilization of
nutrients from deficient or senescent plant parts
could also cause variations in nutrient utilization.
Adu-Gyamfi et al. (1989) observed increased rate
of absorption and translocation of P to leaves
under P deficiency. Several researchers have
reported that relatively lower proportions of total
P was retained in roots and stems and higher pro-
portions were translocated to leaves under P defi-
ciency in P-efficient cultivars than inefficient
cultivars (Snapp and Lynch 1996).

In P-deficient plants, limited P supply to the
shoots from the roots via the xylem is supported
by enhanced remobilization and retranslocation
of stored P in mature leaves to the younger
leaves. This compartmentation of P in various
plant organs is reported to be inducible under
conditions of P deficiency (Gerloff and Gabelman
1983) and is under genetic influence (Schachtman
et al. 1998). Internal P concentration at a critical
location in plants plays a regulatory force for
enhanced P uptake from the root medium under
P deficiency (Drew and Saker 1984; Lefebvre
and Glass 1982).

7.2.5 Phosphorus Utilization
Efficiency

Nutrient utilization is defined as the amount of
biomass produced per unit amount of nutrient
absorbed (Fageria and Baligar 1997; Siddiqi and
Glass 1981). It has been used to compare the
efficiencies of nutrient utilization among various
cultivars or species. PUE is the ability of crop cultivars
to grow well under low available P concentrations.
Plants efficient in nutrient utilization may enhance
the efficiency of applied P.

Efficient P use within the cell is another adap-
tive strategy in many crop species. Nanamori et al.
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(2004) reported significant differences in P use
efficiency among forage grass and rice. Variations
for P use efficiency among cultivars of wheat
(Batten 1993; Kosar et al. 2002), barley (Romer
and Schenk 1998), maize (Elliott and Lauchli
1985), rice (Aziz et al. 2006; Gill and Ahmad
2003), forage crops (Mugwira and Haque 1993),
and several other crop species (Fohse et al. 1991).
Some physiological and metabolic P transfor-
mations may also take place in plants as a
response to P deficiency including induction of
phosphate scavenging and recycling enzymes,
organic acid excretion (Duff et al. 1994), induc-
tion of metabolic phosphate recycling enzymes
(Plaxton and Carswell 1999), alternative path-
ways of cytosolic glycolysis (Plaxton and
Carswell 1999), increased tonoplast H*-,pumping
pyrophosphatase, and alternative pathways of
electron transport (Gonzalez-Meler et al. 2004).
Phosphorus use efficiency is of special interest
to developing countries, especially having soils
low in available P. Tailoring plants to adapt to
conditions of low-P supply and yield more from
each unit of applied P is considered an alternative
for high-input agriculture. An overall high PUE
of plants can be achieved through the combined
effect of P uptake efficiency and P utilization effi-
ciency (Romer and Schenk 1998). As both these
traits are genetically heritable (Nielsen and
Schjgrring 1983), they should be included in
genetic improvement programs through breeding
(Gill et al. 2004). An adaptation of nutrient-
efficient crop cultivars is relatively easy, since no
additional costs are involved and no major
changes in cropping systems are necessary.
Currently breeders are working on the selection
or development of responsive cultivars, but traits
responsible for differences in PUE should be
considered in breeding programs such as P acqui-
sition, translocation, and internal utilization and
would be considered in breeding programs for
low-input sustainable agriculture systems (Gill
et al. 2004; Ortiz-Monasterio et al. 2007).
Cultivars can be categorized based on P use
efficiency as discussed by Aziz et al. (2006),
Fageria and Baligar (1997, 1999), and Kosar
et al. (2002) into four groups as (1) efficient and
responsive, (2) efficient and nonresponsive, (3)
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inefficient but responsive, and (4) inefficient and
nonresponsive (Kosar et al. 2002). Fageria and
Baligar (1999) compared different growth and P
uptake parameters of efficient and responsive
cultivars with inefficient and nonresponsive culti-
vars. They concluded that greater P efficiency in
wheat genotypes was due to P use efficiency
rather than to differences in P concentration.
Gardiner and Christensen (1990) also reported
that greater P efficiency in wheat genotypes was
due to greater use efficiency rather than varia-
tions in P uptake. Recently Gill et al. (2004)
studied P use efficiency of 30 wheat genotypes.
They reported significant differences among the
genotypes for biomass, P efficiency, harvest
index, and grain yield. They categorized wheat
genotypes into nine groups by regressing dry
matter yield (X-axis) and P uptake (Y-axis).

7.2.6 Organic Acid Efflux

Plant roots exude a variety of carbon (C) com-
pounds (simple sugars, organic acids, amino
acids, phenolics, enzymes, other proteins) and
inorganic ions (protons, phosphate, other nutri-
ents, etc.) into the rhizosphere (Crowley and
Rengel 1999; Jones and Darrah 1995; Marschner
1995; Miller et al. 2001; Rengel 2001; Veneklaas
et al. 2003). Root exudation influences signifi-
cantly rhizosphere chemistry, soil microflora and
fauna, and plant growth (Hinsinger 2001; Johnson
et al. 1996; Mench et al. 1987; Vance et al. 2003)
and is involved in nutrient acquisition (Neumann
et al. 2000; Romheld and Marschner 1990).
Root exudates are a major source of energy for
microbial growth in soils (Bowen and Rovira
1999; Rengel and Marschner 2005; Uren and
Reisenauer 1988).

Nature of root exudates varies significantly in
response to environmental stress especially under
nutrient deficiency, e.g., P, Fe, Zn, and Mn (Jones
and Brassington 1998; Jones and Darrah 1995;
Neumann and Martinoia 2002). Among these
diverse C compounds, organic acids and sugars
are important for the mineral nutrition of plants
as well as for microbial growth in the rhizosphere
(Jones and Darrah 1995; Mench et al. 1987).
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Under P-deficient conditions, exudation of
organic acids like acetic, aconitic, citric, malic,
fumaric, lactic, oxalic, and succinic acids
increases in many plant species (Grierson 1992).
Organic acids help in increasing the availability
of P and micronutrients because the organic
anions can compete with Pi for complexation by
Fe, Al, and Ca (Gerke et al. 2000; Hinsinger
2001; Romheld and Marschner 1990) and may
hydrolyze organic P (Gerke et al. 2000; Gerke
and Meyer 1995). Increased exudation of
organic acids under P deficiency has consis-
tently been reported in many plant species such
as in white lupin (Johnson et al. 1996; Neumann
et al. 2000; Neumann and Romheld 1999),
alfalfa (Lipton et al. 1987), and oilseed rape
(Hoffland et al. 1989, 1992).

Kihara et al. (2003) reported significant
increase in citrate release by rice under P defi-
ciency. Citric acid can enhance significantly
mobilization of P from Ca compounds by reduc-
ing the pH (Dinkelaker and Marschner 1992).
Increased secretions of malic and citric acid in
root zone of Brassica napus L (Aziz et al. 2011a, b;
Hoffland et al. 1989) P deficiency was highly
effective in increasing P uptake from sparingly
soluble rock P. On the other hand, Wouterlood
et al. (2005) reported that carboxylate exudation
in chickpea did not correlate with P availability.
However, di- and tricarboxylic acids have the
ability to increase P solubility also in P-fixing
soils and hence strongly improve P acquisition
of plants grown in soils low in available P.

Species and genotypes which are tolerant to P
deficiency differ in exudation of root secre-
tions responsible for P solubilization. Cieslifiski
et al. (1998), Neumann and Romheld (1999),
and Pearse et al. (2006b) reported significant
differences among 13 plant species for amount
of organic anion release under P deficiency. The
amounting of the exudates also varied signifi-
cantly between species.

The activity of phytase and acid phosphatase
increased in root exudates in various species and
genotypes within species grown under low-P sup-
ply (Asmar 1997; Lambers et al. 2010; Li et al.
1997; Pearse et al. 2006a; White and Veneklaas
2012). The P-deficiency-tolerant genotypes of dif-

ferent crops had a greater activity of extracellular
phosphatases in the rhizosphere soil than geno-
types sensitive to P deficiency (Asmar et al. 1995;
Gerke et al. 2000; Richardson and Simpson 2011).

7.3  Gene Expression Under

Phosphorus Deficiency

Response to phosphate deficiency involves a set
of morphological, biochemical, and physiologi-
cal changes in metabolic expression, which
enables the plants to adapt to P-limited environ-
ments. Manipulation of the gene expression
under P-deficient conditions could improve the
PUE of plants.

A series of genes is involved in the adapta-
tions, through the regulation of P acquisition,
internal remobilization, change in metabolism,
and signal transduction to P deficiency (Fang
et al. 2009). For example, the expression of
genes encoding ribonucleases (RNS) and purple
acid phosphatases (PAPs) is generally upregu-
lated in plants raised in P-limited environments.
Ribonucleases help the plants to release P from
organic sources and make that plant available;
RNS also help in mobilization of the organic P
in soil for plant uptake (Bariola et al. 1994,
Duff et al. 1994). Likewise, genes responsible
for phosphate transporters (PTs) are the major
P-deficiency-induced genes which are isolated
and characterized from different plant species
(Liu et al. 2001; Miller et al. 2001). Several
split-root experiments indicated that
P-deficiency-induced genes are regulated by P
status of the plant and not the soil P concentra-
tion (Burleigh and Harrison 1999; Liu et al.
1998; Shane et al. 2003).

Phosphorus uptakel (Pupl), a major quantita-
tive trait locus (QTL), involved in tolerance of
soil P deficiency is located on rice chromosome
12 (Shane et al. 2003). As highly branched root
systems with long root hairs are helpful in
improving PUE (Ramaekers et al. 2010), Pupl
stimulates the root growth (Gamuyao et al. 2012;
Li et al. 2008), increases the P uptake (Wissuwa
and Ae 2001), and increases grain yield substan-
tially (Chin et al. 2010). Similarly, white lupin
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exhibits morphological and gene expression
changes in P-deficient roots. Phosphate trans-
porter (LaPTI) and secreted acid phosphatase
(LaSAPI) promoter-reporter genes isolated from
lupin showed significant induction in roots spe-
cifically in response to P deficiency when trans-
formed into alfalfa.

The identification of transcriptive factors, regu-
latory signaling cascades, and genes associated
with plant responses to P stress could be helpful
for developing crops with improved P use effi-
ciency. However, since several studies have
assayed gene expression in plants under controlled
environment, the outcomes of such experiments
need to be confirmed under field conditions.

7.4 Signaling and P Deficiency

Plant growth and development is determined by
environmental factors like temperature, light
intensity, water, and essential nutrients. Plants
allocate new biomass to the organs used for
acquiring the scarce resources to adjust the ionic
imbalance (Marschner 1995). Many studies
have focused on the relationships between nutri-
tion, plant growth, and development and have
explained the mechanisms of ion transport and
the biochemical pathways influenced by mineral
scarcity (Hermans et al. 2006; Chandna et al.
2012; Hakeem et al. 2012a, b). Although under-
standing about the molecular and physiological
processes involved in sensing, signaling, and
allocation of deficient nutrients is poor, but with
onset of microarray technologies to study gene
expression, study of transcriptional changes
associated with mineral imbalance has become
easier (Hammond et al. 2004). Deficiency of P
results in preferential allocation of carbohydrates
towards the roots and thus increases root to shoot
ratio. This also results in modification of photo-
synthesis, metabolism of sugar, and/or partition-
ing of carbohydrate between source and sink
tissues (Sanchez-Calder6n et al. 2006). The
knowledge about how the plants sense P defi-
ciency is growing rapidly, but a lot is still to be
discovered in the near future. Phosphorus defi-
ciency in plants triggers many transcriptional,
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biochemical, and physiological changes that ulti-
mately help the plants absorb P from the soil or
improve the P use efficiency (Amtmann et al.
2005; Hammond and White 2008). Plants have
evolved various adaptive mechanisms to absorb P
under P-stressed conditions which involve
diverse developmental and biochemical pro-
cesses. Different transcription factors that control
response of plants under P starvation has been
identified. The miRNAs are responsible for Pi
homeostasis and signaling through the identifica-
tion and characterization of PSR miRNAs under
P-deficient conditions (Kuo and Chiou 2011).
Understanding the mechanism involved in sens-
ing P deficiency could facilitate selection, breed-
ing, and genetic engineering approaches to
improve crop production in P-stressed environ-
ments and could reduce dependence on nonre-
newable inorganic P resources.
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Reactive Oxygen Species-
Associated Mechanism

of Acclamatory Stress Tolerance,
Signaling and Redox-Regulated
Gene Expression in Plants
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Abstract

The conflict between the role of reactive oxygen species (ROS) as toxic
component and as a central player of signaling network is largely unre-
solved. It is becoming evident that ROS and oxidative burst during any
kind of stress are recognized by plant as signal molecule for triggering
defense response. The molecular mechanism associated with ROS-
mediated signal transduction, leading to changes in gene expression, is
one of the early responses in the acclamatory performance of plant.
In Arabidopsis, a network of several genes is involved in managing the
titer of ROS. This network of ROS-sensitive genes is highly dynamic and
redundant that encodes redox-sensitive proteins and ROS-scavenging and
ROS-producing molecules. The ROS-induced redox cues and associated
retrograde signaling are extremely important in maintaining normal energy
and metabolic fluxes, optimizing different metabolic and cellular func-
tions, thereby controlling different acclamatory responses and ultimately
the whole plant systemic signaling cascades. An overview of literature is
presented on signaling role of ROS in plant acclamatory defense responses,
along with their dynamics and specificity. In this context an effort has been
made to update the concept of ROS signaling while addressing the signifi-
cance of stress acclamatory performance of plants.
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gene activation followed by regulation of growth develop-
ment). Different environmental and cellular signals result
in enhanced generation of ROS or oxidative burst in cells
by ROS-producing pathways of the network. Subsequently,
ROS perceived by different ROS sensors and activate
downstream signaling cascades. The intensity, duration,

Drought in combination with extremes of
temperature and excess photochemical energy has
been regarded as the most important environmen-
tal constraints for plant survival and productivity
(Boyer 1982; Grover et al. 2009). Therefore,
understanding the mechanism of abiotic stress tol-
erance is of utmost significance from the point of
view of crop improvement and productivity.
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b i T
|
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and localization of ROS signals are determined by inter-
play between ROS-producing and detox-scavenging path-
ways. Modulation of ROS level might also involve positive
feedback loop between ROS perception and ROS produc-
tion. In the downstream signaling cascades, stress inducible
genes are activated that ultimately regulates growth and
development by controlling photosynthesis, hormonal
physiology, and pathogen defense and stress acclimation

Plant responses to unfavorable environmental
cues primarily involve perception mechanism fol-
lowed by signal transduction cascades and ulti-
mately the differential expression of large array of
stress inducible genes (Fig. 8.1). Identifying the
signaling cascades and regulatory conditions that
lead to differential expression of genes under envi-
ronmental stress is therefore the central area of



8 Reactive Oxygen Species-Associated Mechanism of Acclamatory Stress Tolerance, Signaling... 151

Plant Stress Biology. Apart from the transcription
factors, certain common regulatory signaling com-
ponents in the form of reactive oxygen species
(ROS) found to play as central player in control-
ling the signaling cascades and stress-related gene
activation mechanisms (Fig. 8.1).

Plants are constantly subjected to changes in
environmental cues. Being poikilothermic and
static, they need to alter their metabolism in
order to maintain cellular homeostasis mainly
for balancing energy generation and consump-
tion. The cellular homeostasis, particularly
under stress, largely depends on a delicate sig-
naling network that coordinates vital life pro-
cesses like photosynthesis, photorespiration,
and dark respiration. These processes in turn
largely depend on membrane-linked electron
transfer and the production of reductants and
metabolic energy (Foyer and Noctor 2009;
Suzuki et al. 2011; Bhattacharjee 2012b). An
inevitable result of membrane-linked electron
transport is the spilling of electrons onto molec-
ular oxygen in plant cells, with the production
of partially reduced toxic reactive oxygen spe-
cies or ROS (Asada 1994; Varnova et al. 2002;
Arora et al. 2002; Bhattacharjee 2005, 2012b;
Suzuki et al. 2011). The imposition of any kind
of stress further disturbs the redox homeostasis
of the cell, resulting in the accumulation of ROS
(Arora et al. 2002; Bhattacharjee 2005; Alscher
and Hess 1993; Suzuki et al. 2011; Varnova
et al. 2000). It has been estimated that 1 % of O,
consumed by plants is diverted to produce ROS
in various subcellular loci (Asada and Takahashi
1987; Eltsner 1987; Foyer and Noctor 2009).
ROS also plays critical role during natural course
of senescence, as evidenced by the higher level
of ROS, and associated oxidative damages to
thylakoid and inner mitochondrial membranes
(Thompson et al. 1987; Vacca et al. 2004).

In fact, any condition in which cellular redox
homeostasis of the cell is disrupted that is mani-
fested in the form of an imbalance in which the
redox steady state of the cell is altered in the
direction of prooxidants can be defined as oxida-
tive stress. The ROS capable of inducing oxida-
tive stress and causing oxidative damage include
superoxide (O; ), perhydroxyl radical (HO; ),

hydrogen peroxide (H,0O,), hydroxyl radical
(OH"), alkoxy radical (RO"), peroxy radical
(ROO), singlet oxygen (!0,), and organic hydro-
peroxide (ROOH) (Table 8.1). The antioxidative
defense system comprising of various scaveng-
ing enzymes and quenchers encoded by ROS
network can be found in almost every subcellu-
lar compartment of plant cell (Table 8.1).
Usually more than one enzymatic scavenging
system against a particular ROS exists in almost
every important compartment of the cell. It not
only offers an efficient process of ROS detoxifi-
cation but also enables the system to have the
flexibility to tightly control the titer of ROS
(Mittler et al. 2011; Bhattacharjee 2012b).
However, the modes of coordination between
different components of ROS removal network
of plants, particularly under environmental
stress, are extremely complicated (Karpinski
et al. 1997; Mittler et al. 2011) and still remain
largely unexplained.

Plant metabolisms are extremely sensitive to
changing environmental cues. In most of the
cases, metabolic imbalances caused by environ-
mental stresses induce a secondary oxidative
stress, causing oxidation of cellular components,
affecting organellar or cellular integrity, and ulti-
mately affecting growth and development. Some
oxidized metabolites, including the products of
lipid peroxidation, carbonylated proteins, which
are traditionally being regarded as markers of
oxidative stress, are now suggested to function as
signaling intermediates under oxidative condi-
tions (Spiteller 2003). Therefore, a close associa-
tion between the redox states of different
organelles can largely affect energy balance and
carbon metabolism in plant cells. A high degree
of metabolic coordination is required to maintain
energy flow through chloroplast and mitochon-
dria under environmental stress to avoid loss of
redox homeostasis due to excessive generation of
ROS (Suzuki et al. 2011; Takahashi and Murata
2008). In order to achieve this, a tight metabolic
coordination and control is required for redox
regulation of proteins, activation of sensor-
mediated pathways, and activation of signaling
pathways by ROS-responsive regulatory genes
(Suzuki et al. 2011; Bhattacharjee 2012b).
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Several advantages are associated with ROS
functioning in plants. The capacity of cell to
rapidly produce and scavenge them simultane-
ously under environmental stress enables plant
with a system capable of rapid and dynamic
changes in ROS titer and their subsequent spa-
tiotemporal control. The selective advantage of
ROS functioning resides in the availability of
different forms of ROS with different molecular
properties. The variation of chemical properties,
mobility, half-life, and their capacity of inter-
action (Table 8.1) makes ROS the versatile
molecule in signaling network (Suzuki et al. 2011;
Bhattacharjee 2012b). Another key advantage of
ROS functioning is tight link of cellular homeo-
stasis with ROS metabolism. Any change in
external environmental conditions that alter
cellular homeostasis could lead to a change in
the steady-state level of ROS which is subse-
quently being sensed by various redox-sensitive
sensors to control metabolism. Therefore, the
link between altered metabolism and ROS level
under the exposure of unfavorable environmen-
tal cues would make ROS good signals to moni-
tor changes in gene expression and metabolism
that ultimately determine the ability of plants to
survive under stress. In this chapter an effort
has been made to provide an update of recent
findings related to ROS-associated acclamatory
mechanism and integration of ROS with other
hormonal signaling, redox sensing, and gene
expression.

8.2 ROS and Acclamatory Stress

Tolerance in Plants

Plant adapt to environmental stresses through
specific genetic responses. Molecular mecha-
nisms associated with acclamatory stress toler-
ance, leading to the expression of genes as an
early stress response, are largely unknown.
However, it became gradually evident that the
gene expression associated with acclamatory
responses is highly sensitive to the redox state
of the cell.

Plant cells have embraced the potential inter-
actions with oxygen for metabolic regulations

S. Bhattacharjee

(Foyer et al. 1997; Suzuki et al. 2011).
Surprisingly, ROS are important metabolites
which participate in metabolism, growth, and
morphogenesis of plant cells. The imposition of
abiotic and biotic stresses can further increase the
level of ROS (Arora et al. 2002; Bhattacharjee
2005, 2012b; Alscher and Hess 1993; Alscher
et al. 1997; Suzuki et al. 2011). ROS are there-
fore implicated in most, if not all, stress responses.
Being highly reactive, most of the ROS can cause
membrane damage and inhibit enzyme activities,
and therefore when accumulated, they are not
compatible with cell function and considered to
be deleterious and harmful. While O, , OH’, and
I0, have very few well-characterized role in plant
cells, except perhaps in senescence, H,O, may
have important metabolic roles (Dougles 1993;
Levine et al. 1994; Karpinski et al. 1997).

The steady-state level of ROS in a cell is
largely determined by the efficiency of the anti-
oxidative systems (Foyer et al. 1997; Foyer et al.
1994. When the production of ROS exceeds sig-
nificantly than the capacity of the tissue to scav-
enge them, oxidative stress is favored. Much of
the injury caused by the exposure of the abiotic
and biotic stresses is associated with oxidative
damage at cellular level. Augmentation of anti-
oxidative defenses, therefore, plays a pivotal role
in preventing stress-induced injuries and tox-
icities. Various efficient low-molecular-weight
antioxidants and quenchers like glutathione,
ascorbate, together with the activities of the anti-
oxidant enzymes, are generally increased in
plants under stressful conditions and correlate
significantly with enhanced tolerance (Alscher
and Hess 1993; Allen 1995). However, little evi-
dences are available on the molecular mecha-
nisms underlying the induction of defense genes.

There happens to be many putative bona fide
signal transducing molecules under stress, for
example, ethylene, ABA, and salicylic acid
(Suzuki et al. 2011; Bowler et al. 1992; Kim et al.
1996; Mittler and Zilinskas 1992). Surprisingly,
ROS like H,0,, '0, and antioxidant molecule
glutathione make important contributions to the
redox state of the plant cell and are implicated in
the activation of the genes that lead to the
acclimation, stress tolerance, and other defense
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responses (Alvarez et al. 1998; Foyer et al. 1997;
Delgado-Lopez et al. 1998). It becomes gradually
clear that gene expression associated with
acclamatory stress responses is largely sensitive
to the redox state of the cell. Of the many compo-
nents that contribute to the redox balance of the
cell, thiol/disulfide exchange reactions, particu-
larly involving glutathione pool and the genera-
tion of ROS like H,0,, are the central components
of the signal transduction in both environmental
and biotic stresses.

Since H,0, is an endogenous oxidant, with mod-
erately higher half-life and diffusible, that accumu-
lates in many stress situations (Alscher and Hess
1993; Foyer et al. 1997; Okuda et al. 1991), a cen-
tral role for this metabolite as a diffusible signal for
selective induction of defense genes has been envis-
aged (Alscher and Hess 1993; Chen et al. 1993a).

8.2.1 ROS in Systemic Acclimation

to Photooxidative Stress

In higher plants, dissipation of excess photo-
chemical energy (EPE) is an immediate and
finely tuned response which occurs through heat
irradiation, alternative sinks for photosynthetic
electrons, and ultimately downregulation of
Photosystem II (Foyer 1996; Huner et al. 1998;
Foyer and Noctor 2009). The photoreduction of
molecular O, is an alternative sink, especially
when there is an acute dearth of NADP*. But the
spilling of electron to molecular O, is always
associated with the formation of ROS, such as
O, , H,0,, OH", and '0,. (Alscher and Hess
1993; Foyer 1996). If accumulation of ROS
under conditions of EPE exceeds the capacity of
enzymatic and nonenzymatic antioxidant sys-
tems to scavenge them, then photooxidative dam-
age to photosynthetic apparatus ensues (Mehler
reaction), which leads to cell death. This is mani-
fested at whole plant level by the appearance of
chlorotic lesions on damaged leaves. However,
ROS may also play a positive role in response to
EPE by initiating an increase in rate of degrada-
tion of DI protein, a key component of LHCII
(Fig. 8.2). This causes photoinhibition of photo-
synthetic electron flow, which may be a protec-
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tive mechanism in such conditions. The
possibility of both positive and negative roles
for ROS under EPE suggests that it is more
appropriate to view equilibrium between the
processes that produce ROS and antioxidative
defense which destroy them rather than the levels
of these antagonists per se (Foyer 1996). However,
the immediate responses to EPE may lead to a
whole plant acclimation which could include
an alteration to the photosynthetic capacity of
new leaves in which ROS also could play a role
(Foyer et al. 1997; Huner et al. 1998). Therefore,
in natural environment, how well plants tolerate
different abiotic stresses may be determined by
their ability to deal with EPE before ROS seriously
poses problems to cellular structures especially
chloroplasts (Krause 1994).

Several works highlights the impact of oxida-
tive stress in response to fluctuating environmental
conditions which elicit EPE on acclamatory
responses of plants (Foyer et al. 1997; Krause
1998; Russell et al. 1995). When a leaf experi-
ences a set of conditions that promote EPE, such
as EL (Excess Light) conditions, the immediate
response is an intracellular signaling of antioxi-
dant defense genes elicited by redox changes in
the proximity of PS II, which still followed by a
subsequent increase in H,O, level. Prolonged
exposure under such condition leads to the death
of such leaves. However, leaves suffering EPE also
produce a systemic signal, a component of which
is H,0O,, which set up an acclamatory response in
unstressed regions of the plant. The signaling,
mediated by H,O,, leads to an increased capacity
to tolerate further episodes of EPE-induced photo-
oxidative stress by remote activation of antioxi-
dant defenses, i.e., systemic acquired acclimation
(Karpinski et al. 1999).

Experimentally, excess light (EL) applied to
low light (LL) adopted Arabidopsis forup to 1 h
causes rapid EPE and subsequently a burst in the
titer of ROS, leading to the reversible photoinhi-
bition (Santos et al. 1996). Surprisingly it was
found that such a chloroplast-localized oxidative
stress only induced genes encoding key compo-
nents of cytosolic ROS-scavenging systems. One
of these genes, APX 2, an ascorbate peroxidase
isoform, is induced only under EL. The induction
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Fig. 8.2 Redox-sensing and transcriptional regulation of
gene in chloroplast. In presence of excess photochemical
energy (EPE), plastoquinone became predominantly
reduced (PQ,q), resulting in the activation of LHCII
kinase via structural changes around Rieske center (2Fe-
2S) protein of cytochrome bf complex. The kinase in turn
phosphorylates LHCII and PSII, resulting in migration of
LHCII away from PSII and subsequently reducing light
absorption by PSII. Oxidation of PQ,. reverses structural
changes of cyt bf and leads to kinase inactivation.

of this nuclear gene is also found to be regulated
by changes in the activity of PS II by rapid
changes in the redox status of plastoquinone pool
(PQ). Moreover, the major cellular antioxidant
glutathione (Noctor et al. 1998) blocked the
induction of this gene by EL, implying that redox
change in the cellular redox pool may play a role
in chloroplast to nuclear communication.
Treatment of leaves with H,O, and then expo-
sure to EL caused significantly greater induction
of APX2 than control EL alone. This surprising
observation was investigated in more detail in a
series of time course experiments which revealed
that detached leaves pretreated with H,O, showed
a slower decline in maximal PS II efficiency
under EL conditions than control leaves, indicat-
ing that prooxidant status of leaf may be a crucial
factor in adapting EPE. Protective effects of H,0,
have been described for maize seedlings, chilled
in dark (Krause 1998), and have been explained

Phosphatase-mediated dephosphorylation of mobile
LHCII leads to reassociation of PSII and further increase
in light energy by PSII. Alternatively, redox state of PQ
controls adjustment of stoichiometry of PSI and PSII by
transcriptional regulation of chloroplastic genes that
encode apoprotein PSI (psA and psB proteins) and PSII
(D, proteins) reaction centers. ROS produced under EPE
utilization may cause physical separation of PSII from
LHCII by degrading D, proteins, thus reducing light
energy absorption

by triggering various stress defense mechanisms
(Foyer et al. 1997).

Though all those data do not indicate whether
H,0, has a direct or indirect effect, but they
strongly emphasize a role of this ROS in the
acclimation to conditions which invoke EPE. The
opposite effects of exacerbated PS II inhibition
upon treatment with antioxidant GSH (Foyer
et al. 1997), which reduces H,O, by enzymatic
and nonenzymatic reactions, are consistent with
such a role of H,0,.

8.2.2 Organeller Redox Signaling
for Stress Acclimation

The redox state of organelles like chloroplast,
mitochondria, and peroxisome, manifested
through reductant/oxidant pool of metabolites
and carrier proteins, is largely involved in the
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regulation of several biological processes
including hormone signaling, nuclear and chlo-
roplastic gene expression, and ultimately the
stress acclamatory performances (Suzuki et al.
2011; Foyer and Noctor 2009; Pfannschmidt
et al. 1999). The expression of nuclear gene-
encoded chloroplastic proteins has been found to
correlate with the redox status of plastoquinone,
glutathione, and ascorbate pool in coordination
with environmental stress and chloroplast devel-
opment (Foyer and Noctor 2009). The changes in
expression of nuclear antioxidant and defense
genes are found to be correlated with excess pho-
tochemical energy (EPE)-induced changes in
redox state of plastoquinone pool in chloroplast
(Karpinski et al. 1997; Li et al. 2009). In this
regard chloroplastic kinases and phosphatases
play vital role in the regulation of redox state of
regulatory proteins under environmental stress
(Pesaresi et al. 2010). The transitional balance
that regulates Z-scheme photosynthetic energy
distribution and fluxes is found to be largely
mediated by plastoquinone (PQ) pool (Dietzel
and Pfannschmidt 2008). Any imbalance in
energy fluxes of Z-scheme of photosynthesis
between PSII and PSI is also balanced and main-
tained by adjusting photosystem stoichiometry
through changing abundance of LHCPs and reac-
tion centers (Pesaresi et al. 2010) in both short- and
long-term responses. Protein kinases STN7 and
STN8 found to play crucial role in redox regula-
tion of PQ and quantitative phosphorylation of
PSII (Pesaresi et al. 2010; Bonardi et al. 2005).
Recent proteomic studies also revealed the
role of phosphorylation of mitochondrial redox
proteins in mitochondrial redox regulation for
stress acclimation mechanism involving mtETC
complexes, ATP synthesis, and TCA activity (Ito
et al. 2009). More identification of mitochon-
drial protein kinases/phosphatases as well as
their target proteins is required for complete
unfolding of the process of redox regulation and
signaling in mitochondria.
8.2.2.1 Redox Retrograde Signaling
and Stress Acclimation
The mechanism of retrograde signaling (Organelle
to nucleus) has evolved to communicate and
intricately coordinate metabolism and gene
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expression between organelle and nucleus

(Fig. 8.3) that subsequently control the reverse

process (nucleus to organelle) signaling (Woodson

and Chory 2008; Suzuki et al. 2011). Both the
developmental control of organelle biosynthesis
and operational control of stress acclimation
are regulated by retrograde signaling in plants.

The redox state of chloroplast, mitochondria, and

peroxisome (which depend primarily on the titer

of ROS and antioxidants) are recognized as pri-
mary retrograde signals that play pivotal role in
stress acclimation mechanism (Pogson et al.

2008; Suzuki et al. 2011). Any changes in redox

status of these organelles, particularly under unfa-

vorable environmental cues, can be sensed and
transmitted to nucleus by retrograde signaling
cascades involving primary redox-sensitive
proteins and/or by metabolic coupling (Galvez-

Valdivieso and Mullineaux 2010).

Chloroplast is extremely prone to oxidative
damage, primarily due to availability and chem-
istry of oxygen. This is particularly the scenario
when the rate of Z-scheme exceeds the capacity
of regeneration of NADP* by photosynthetic car-
bon reduction cycle (PCRC) under EPE. The
dearth of NADP* under this situation compels the
movement of electrons of Z-scheme of photosyn-
thesis to reduce O, partially, leading to the
generation of superoxide and other toxic ROS,
which subsequently causes photooxidative dam-
ages. Retrograde signaling has been studied in
seedling treated with norflurazon (inhibitor of
carotenoid biosynthesis that causes photooxida-
tive damages) or mutants with underdeveloped
chloroplasts (Nott et al. 2006; Koussevitzky et al.
2007). Three different conditions were shown to
induce the production of chloroplast derived
signals in Arabidopsis and their dispatch to
nucleus, altering the expression of nuclear
genes, depending on the presence of GUNI in
chloroplast and AB 14 in nucleus:

(a) Accumulation of Mg-protoporphyrin IX
(chlorophyll biosynthesis intermediate) and
its methyl ester, which alters gene expression
in Arabidopsis

(b) Inhibition of plastid gene expression at trans-
lational stage of protein synthesis

(c) Changes in the redox state of photosynthetic
electron carrier
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ROS-dependent retrograde signaling is
assumed to be primarily used for stress signaling
as integrated acclamatory responses of plants
(Woodson and Chory 2008). In fact, GUNI and
AB14 retrograde signaling pathways found to
have great influence on plant performances under
abiotic stress and their acclimation.

The most important ROS that initiate retro-
grade signaling pathway in plant is 'O,, which is
even found to evoke their activity irrespective of
Mg-protoporphyrin IX and GUN1-mediated sig-
naling. 'O, signaling pathway has been exten-
sively studied in Arabidopsis using flu mutants
that accumulate protochlorophyllide (potent pho-
tosensitizer) during dark adaptation and which
also generate 'O, upon reexposure to light (Lee
et al. 2007). Using this mutant of Arabidopsis
and employing transcriptome analysis and DNA
microarray, several workers have identified dis-
tinct set of genes specifically activated by 'O,
(Gadjev et al. 2006).

There exist also the interaction between 'O,
and other ROS like H,O, as a variation in retro-
grade signaling. H,O, has a positive role in reduc-
ing the probability of formation of 'O,.
Application of H,0, has shown to promote the
oxidation of quinone A, thereby increasing the
photosynthetic electron transport and reducing
the generation of 'O, under stress (Asada 2006).
So, Arabidopsis flu mutants, overexpressing
tAPX (thylakoid ascorbate peroxidase), strongly
reduce the activation of nuclear gene expression
through 'O, retrograde signaling pathway.

Evidences of Role of ROS
and Oxidative Burst in Stress
Acclimation

8.3

The oxidative burst, during which large amount
of ROS are generated, is now well established as
one of the earliest responses of plant cells under
abiotic and biotic stresses (Arora et al. 2002;
Bhattacharjee 2005; Foyer et al. 1997; Miller
et al. 2008). H,0, generated during this oxidative
burst has several effects: it can mediate oxidative
cross-linking of cell wall polymers, it may be
directly microbiocidal, it can induce the expres-
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sion of inducible genes encoding proteins
involved in defensive and antioxidative responses,
and even it can induce programmed cell death
characteristic of hypersensitive responses
(Alveraz and Lamb 1997; Neill et al. 1999;
Sakamoto 2008). The role of H,0, as a signaling
molecule mediating acquisition of tolerance to
both biotic and abiotic stresses has became clear
from several works (Foyer et al. 1997; Smirnoff
1998; Bhattacharjee 2012a, 2013). There are sev-
eral reports of cross-tolerance and some cellular
responses have been found to be common to a
number of different stresses (Foyer et al. 1997).
An inductive pulse of H,O, is required to switch
on some stress acclamatory metabolism (by
upregulating antioxidative defense and restoring
redox homeostasis), through which plant pre-
vents or repairs oxidative damages to newly
assembled membrane system caused by unfavor-
able environmental cues during early germina-
tion in two rice cultivars (Bhattacharjee 2012a,
2013).

It is possible that different stresses induce
both common and distinct or unique responses.
However, the particular spectrum of responses
determines the output. For example, H,O, may be
generated during several stresses but may only
reach threshold concentration in certain situa-
tions or may synergize with other molecules such
as salicylic acid and nitric oxide to exert its effect
(Dangl 1998). Therefore the key requirement is
to identify the signaling pathways induced by
ROS and to determine how they mediate acclima-
tion to various environmental stresses.

Application of reactive oxygen species
(ROS), specifically H,0,, can induce stress toler-
ance in plants. Treatment of winter wheat with
low concentrations of H,O, and inhibitor of cata-
lase induced the synthesis of polypeptides simi-
lar to those synthesized under chilling stress
(Matsuda et al. 1994). Prasad et al. (1994) also
reported that maize seedlings became more chill-
ing tolerant following pretreatment with H,0O.,.
A transient increase in H,O, was suggested to
activate signal activation of protective mechanisms
for acclimation to chilling (Prasad et al. 1994,
1995; Neuenschwander et al. 1995). Doke et al.
(1994) proposed that H,O, generation should be
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considered as a central trigger for defense
metabolism following exposure to abiotic and
biotic stresses. H,O, also found to be responsible
for the expression for chilling responsive genes
(Neuenschwander et al. 1995). In Arabidopsis,
treatment with H,O, altered cytosolic calcium
concentrations similar to those observed during
cold acclimation (Knight et al. 1996).

In numerous studies, suspension cultures of
Arabidopsis thaliana is used as model system to
explain the signaling processes required for both
the generation of H,0, and subsequent cellular
responses that it induces. Treatment of such cul-
tures with harpin, a proteinaceous bacterial elici-
tor, induces rapid oxidative burst that requires
both protein phosphorylation and calcium influx
(Desikan et al. 1997; 1998Db). In this case, as sug-
gested by Doke et al. (1994), H,O, arises primar-
ily from dismutation of O, which is formed via
single electron reduction of molecular O, cata-
lyzed by a plasma membrane — located enzyme
similar to NADPH oxidase. In Arabidopsis sus-
pension cultures both biochemical and pharma-
cological evidences are consistent with the
activity of NADPH oxidase (Desikan et al. 1996)
and homologues of gp91, the key redox compo-
nent of the enzyme complex (Desikan et al.
1998a).

Various lines of evidence support the exis-
tence of cross-tolerance, i.e., induction of toler-
ance to a particular kind of environmental stress
involving oxidative stress that also increases the
tolerance to one or more other kinds of stresses
including biotic stresses. For example, O; expo-
sure to Arabidopsis thaliana induces resistance
to virulent Pseudomonas strains (Sharma et al.
1996). In this case O; exposure resulted in the
expression of a number of pathogenesis-related
(PR) proteins and genes. Similarly cotton plants
exposed to water deficit were found to be more
resistant to paraquat than water deplete plants
(Burke et al. 1985). All these results provide evi-
dence supporting the hypothesis that common
redox signals are involved in the induction of
acclamatory responses to both abiotic and biotic
stresses. Evidences for the involvement of H,O,
and GSH in the signal transduction and regula-
tion of gene expression is provided by reports of
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acquisition of stress tolerance by exposure to
abiotic stresses with accompanying changes in
gene expression (Foyer et al. 1997, Bowler et al.
1992).

8.4 Redox-Sensing,
ROS-Mediated Signal
Transduction, Their Targets

and Stress Acclimation

The molecular mechanisms associated with signal
transduction, leading to changes in gene expres-
sion, are one of the early stress responses and are
extremely complicated. It is clear, however, that
gene expression associated with acclamatory
responses is sensitive to redox state of the cell. Of
the many components which contribute to the
redox balance of the cell, two factors have been
shown to be crucial in mediating stress responses.
Thiol/disulfide exchange reactions, involving glu-
tathione pool and the generation of ROS, particu-
larly H,O,, are the central components of signal
transduction in both abiotic and biotic stresses.

Redox signals are the most fundamental forms
of information monitored by the plants
(Mahalingam and Fedoroff 2003; Suzuki et al.
2011). More complex aspects of redox control of
physiology of plants ultimately through the regu-
lation of gene impression developed with the
evolution of higher plants. It is now widely
accepted that redox signals are the key regulators
of plant metabolism, growth, and development
and may even have plenty of cross talking with
other system of signal transduction of parts. In
fact controlled generation of ROS acts as “second
messenger” along with other mediators like Ca?*,
not only in plant responses to environmental
stress but also in hormone signaling (Shapiguzov
et al. 2012; Suzuki et al. 2011; Varnova et al.
2002).

To have a comprehensive idea regarding the
ROS-mediated signal transduction, one has to
develop the primary understanding of the fact on
how the increased titer of ROS is sensed. One
simple possibility is the direct modification of
transcription factor with redox-sensitive groups
(Allen 1993). Chemistry of ROS sensing dictates
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that the redox-sensing proteins have a common-
ality, with active thiol groups as potential ROS
target. But, in reality there seems to be much
more complex signal transduction routes. In fact,
the ROS-associated redox changes in the differ-
ent organelles (mainly chloroplast and mitochon-
dria) are signaled to the nucleus. Surprisingly the
“sensing” function is generally performed by the
antioxidative system itself. This system acts as a
strong buffer against ROS, maintaining relatively
low concentrations of oxidants under normal
optimal conditions. The redox balances of the
cell are generally perturbed without large changes
in the concentration of ROS. This is feasible
because of the presence of plethora of compo-
nents capable of scavenging ROS. In case of cata-
lase mutants placed under photooxidative stress
or excess photo chemical energy, H,O, concen-
tration is not greatly increased relative to the wild
type, but the glutathione pool is found to be mas-
sively perturbed (Allen 1993). The enhanced
availability of ROS may therefore be sensed by
the cell as increased oxidative flux through key
components, rather than marked increase ROS
titer. This view strongly supports the existence of
a dynamic system for allowing acclamatory
changes through the components of antioxidative
system that are integrated into the signal trans-
duction network. It would allow appropriate
response to occur as a result of increased flux of
ROS, even in absence of mark changes in ROS
titer. Apart from that, changes in ROS trigger
marked modulation in the expression of gene far
beyond their perception by antioxidative systems
(Mahalingam, and Fedoroff 2003). This ulti-
mately confers upregulation of defense system
against environmental stresses. Many studies
strongly support the view that some antioxidative
compounds have dual role of scavenging and sig-
naling (through sensor scavenging). In these
cases the antioxidants probably exhibit low
capacity of antioxidative role compared to classi-
cal detoxification scavenging (Fig. 8.4).

Studies related to the nature of “sensor-
scavenging component” revealed that heme-
based enzymatic antioxidants such as catalase
and ascorbate peroxidases and thiol-containing
antioxidant molecules such as GSH are basically

the candidates for such responses. Plants also
contain numerous proteins with redox-active thiol
groups, some of which have been shown to have
activity against peroxides. These include chloro-
plastic and cytosolic glutathione peroxidases,
chloroplastic and cytosolic peroxiredoxins, and
glutaredoxins and chloroplastic thioredoxins
(Rouhier et al. 2009; Nishiyama et al. 2001;
Kunert and Foyer 1993). Although the exact
roles of these thiol-containing sensor scavengers
remain to be elucidated, it is clear that there may
be considerable divergence of function within
each class of these molecules.

YAP-1 is a basic zipper type transcription
factor which induces several genes in response to
H,0,. Peroxides enhance the accumulation of
nuclear YAP-1 by oxidizing cysteine residue
from intramolecular disulfide bond that appears
to trap YAP-1 in the nucleus, thereby enhancing
their reactivity (Kuge et al. 1997). Arabidopsis
genome does not appear to contain sequence sim-
ilar to YAP-1, but there may well be functionally
similar elements in the initial perception of
changes in redox state of plant.

Peroxiredoxins (PRX), otherwise known as
thioredoxin (THX) peroxides, have been shown
to reduce peroxides using reductant from thiore-
doxins (Trx). The enzyme system is closely
linked to Z-scheme of photosynthesis via a spe-
cific chloroplastic Trx isoform (Rouhier et al.
2009). In fact the primary role of these thiol-
containing redox-sensitive proteins is not to
detoxify peroxides but to sense enhanced pro-
duction or in other words to initiate a signaling
process by acting as a “signal-scavenging” com-
ponent (Fig. 8.4).

Another mechanism of redox-signal percep-
tion involves oxidation of glutathione pool
accompanied by increase in total glutathione
under environmental stresses (Rouhier et al.
2009). The method of sensing this redox per-
turbation involves protein glutathionylation, in
which GSH forms a mixed disulfide with target
protein, thereby modifying the activities of
enzymes and transcription factors. This pro-
cess is considered to play an important role in
redox signaling and protection of protein struc-
ture and function.
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a consequence of many metabolic events and are efficiently
removed by detox scavenging of antioxidants. However,
under stress (II) increased production of ROS or oxidative
burst causes increased oxidation of “sensor-scavenging”

Another significant class of thiol-containing
protein is certain subclasses of GST super-
family which is active in reducing peroxides or
dehydro-ascorbates (DHA) or in catalyzing thiol
transferase reaction (Daniel 1993). Some of these
GSTs are strongly induced by oxidative stress
especially under biotic stresses. So, it seems that
the power of ROS can be effectively harnessed
(as most of these are short lived) to convey redox
information. These signals in most of the cases

(Involving Ca™ as
sec. Messenger)

Apoptotic
pathway

!

Other defenses

Defense withdrawal

redox components locked into signal transduction pathways.
Signaling pathway operates via kinase cascades and other
secondary messengers that ultimately lead to upregulation
of ROS detoxification capacity (acclamatory pathway) or
cell death pathway involving defense withdrawal. The
decisive factors that determine the feasibility of acclamatory
pathway or cell death pathway could be involved to
determine the intensity of oxidative stress or ROS signal
and their location

are incorporated into complex redox network that
involves electron carriers (plastoquinone, ubiqui-
none) and electron acceptors (like TRX, Fd).

8.4.1 Redox-Sensitive Proteins

and Redox Signaling

Plant cell can sense, transduce, and translate the
ROS signals into appropriate cellular responses
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through the involvement of redox-sensitive
proteins. Redox-sensitive proteins mainly operate
through reversible oxidation/reduction thereby
switching “on” and “off” depending on the cellular
redox state. ROS can oxidize the redox-sensitive
proteins directly (Nishiyama et al. 2001) or indi-
rectly via some other ubiquitous redox-sensitive
molecules like glutathione or thioredoxins which
control the cellular redox state (Rouhier et al.
2009). Therefore, redox-sensitive proteins are
susceptible to oxidation and reduction that
depends on the titer of ROS and or redox state of
the cell. Redox-sensitive proteins further execute
their function via downstream signaling compo-
nents like kinases, phosphatases, and transcrip-
tion factors. In some cases ROS directly oxidize
the target proteins, particularly peroxiredoxins
and thioredoxins, and subsequently the transcrip-
tion factors (Rouhier et al. 2009; Nishiyama et al.
2001). In fact, most of the redox regulation of
gene expression is mediated by a family of pro-
tein disulfide oxidoreductases, namely, thiore-
doxins, peroxiredoxins, glutaredoxins, and
protein disulfide isomerases (Rouhier et al.
2009; Imsande 1999). Thioredoxins are small
(approximately 12 kDa) protein with S=S reduc-
ing activity. They oxidized directly by ROS or
indirectly by peroxiredoxins (Thioredoxin per-
oxidase). Thioredoxins may be reduced by thio-
redoxin reductase and by NADPH-dependent
enzymes. There are ample of evidences to sug-
gest that thioredoxins and other similar proteins
are enzymatic mediators of the regulatory effects
of ROS at transcriptional levels (Mahalingam
and Fedoroff 2003). It is found that UV irradia-
tion promotes translocation of thioredoxin to the
mammalian nucleus where it activates stress-
related transcription factors like NF-kB and AP-1
by enhancing DNA binding. Thioredoxin can
bind directly with NF-kB p*° and interacts indi-
rectly with AP-1 through redox factor 1 (Mylona
and Polidoros 2010). On the other hand, plants
possess chloroplastic, mitochondria, and cyto-
sol redox-regulating system for controlling
expression of genes (Mahalingam, and Fedoroff
2003; Rouhier et al. 2009). Ferredoxin, being the
component of PS I of Z-scheme of electron flow,
gets photo-reduced during photosynthesis. The
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reducing power of Fd is then subsequently trans-
formed to Thioredoxin by Fd-Trx reductase,
which then interacts with target enzymes. There
are distinct classes of “thioredoxin target” includ-
ing the “transcription factors.” One of the best
studied redox-regulatory plant proteins is a class
of RNA-binding proteins that control translation
or stability of chloroplastic mRNA under the
exposure of photochemical energy by way of
ferredoxin-thioredoxin system (Rouhier et al.
2009).

8.4.2 ROS and Redox-Regulated
Gene Expression

Identification of changes in gene expression
regulated by oxidative stress is of considerable
importance for developing stress tolerant plants.
However, till date, a global analysis of the effect
of ROS on the transcriptome of any one plant
species has not yet been completely described.
The information regarding regulatory role of
ROS on gene expression is primarily the outcome
of experiments using mutant and transgenic
plants with direct application of ROS or ROS-
generating chemicals. Results of these experi-
ments contributed information on ROS-responsive
inducible genes. In recent times, a number of
genes involved in signal transduction, stress
acclimation and defense, metabolism, and cell
structure have been identified, ultimately reveal-
ing a highly dynamic and redundant network of
ROS-sensitive genes (Allen 1995; Mylona and
Polidoros 2010).

In bacteria ROS induces expression of at least
80 genes (Demple 1991). In yeast approximately
300 genes (Godon et al. 1998) and in plants more
than 100 genes are found to be induced by ROS
(Stephen et al. 1995), and the numbers are grow-
ing with the application of cDNA microarray
technique to carry out a transcriptomic analysis
of oxidative stress-regulated gene expression
(Varnova et al. 2002). Bacterial genes are orga-
nized in regulons that are controlled by specific
transcription factors. O, -induced genes are con-
trolled by the Sox R protein that has Fe-S cluster
and upon oxidation induces the expression of a
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downstream transcription factor called Sox S.
H,0,-induced genes are controlled by the oxida-
tion of thiol groups present in the transcription
factor Oxy R (Storz and Imlay 1999).
Alternatively, two-component systems may
activate the expression of bacterial genes upon
changes in the redox status of the cell. A redox
sensor, a membrane-associated phosphoprotein,
becomes phosphorylated on histidine when it is
either oxidized or reduced by components of
electron transport chain. Its substrate, the redox
response regulator, is a sequence-specific DNA-
binding protein that is phosphorylated at an
aspartate residue that regulates transcription
(Allen 1993). In yeast, genes induced by redox
signals consist of a complex network of different
regulons, so-called stimulons (Jamieson 1998).
Activities of one of the best studied redox-
sensitive transcription factors, yAPI, are found to
be controlled by redox signals at the level of
nuclear localization and DNA binding (Kuge
et al. 1997). Induction of oxidative stress causes
relocalization of yAPI from cytoplasm to nucleus,
and its DNA-binding capacity increases many-
fold. In mammalian systems, many studies point
to the significance of two classes of transcription
factors that are sensitive to redox signals: the
nuclear factor kB (NF-xB) and the activator pro-
tein-1 (AP-1). The prooxidant state in cytoplasm
(largely determined by the ratio of GSSG and
GSH) or ROS activates these transcription factors
and induces their mobilization to nucleus, where
a reducing environment is required for proper
DNA binding. Thioredoxins and redox factor
Ref-1 provide the reducing power for DNA bind-
ing (Arrigo 1999). Therefore, two major steps in
transcriptional activation of eukaryotic transcrip-
tion factors seem to be influenced by redox bal-
ances: nuclear relocalization and DNA binding.
In plants, generation of ROS occurs under
diverse range of conditions, and it appears that
ROS accumulation in specific tissues and appro-
priate quantities is of benefit to plants and can
mediate cross-tolerance towards other stresses.
ROS, specifically H,0,, is found to be involved in
plant defense response, affecting both gene
expression and activities of proteins such as MAP
kinase, which in turn functions as regulators of
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transcription (Desikan et al. 1999, 2000). In spite
of the fact that ROS and cellular redox state are
known to control expression of plant genes, the
signaling pathway(s) involving transcription fac-
tors or promoter elements specific for the redox
regulation are still to be identified. There are,
however, several candidates for promoter ele-
ments as well as DNA-binding factors that act as
redox response elements (Fig. 8.5).

One of the examples of induction of defense
genes, controlled by redox balance of the cell is
Glutathione S-transferase (GSTs), which cata-
lyzes the conjugation of GSH to a variety of
hydrophobic  electrophilic compounds that
otherwise attack important cellular macromole-
cules (Marrs 1996). Compounds with bound GSH
undergo cellular detoxification pathway (Daniel
1993). The signal by which the expression of GST
gene is regulated is believed to be a prooxidant
state of the cells, probably resulting from a
reduced GSH content (Daniel 1993). The pro-
moter element responsible for the induction of the
Ya subunit in mouse GST by electrophilic com-
pounds consists of two adjacent AP-1-like sites
(Friling et al. 1992). The consensus sequence of
this site is AGACA (A/T) (A/T) GC and is called
an antioxidant-responsive element or electro-
phile-responsive element. Two adjacent AP-1-like
sites are also present in the Arabidopsis GST 6
gene and constitute promoter element (Chen et al.
1996). This promoter element is at least, in part,
required for GST 6 inductions by H,O,, SA, and
auxins (Chen and Singh 1999). A single antioxi-
dant-responsive element has recently been identi-
fied in the promoter of a maize catalase gene
(Cat 1) and was found to bind molecular factors
from senescing scutella that accumulate Cat 1
transcripts, probably as a result of oxidative stress
(Polidoros and Scandalios 1999; Dat et al. 2000).

The G box (CACGTG) is a ubiquitous cis-
element present in many plant genes and is
thought to mediate response to diverse environ-
mental stimuli, including primarily redox
changes (Droge-Laser et al. 1997). Together
with the H box (CCTACC), the G box functions
in the activation of phenyl propanoid biosynthetic
genes. Transcription of at least two of these
genes that encode phenylalanine ammonia-lyase
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(PAL) and chalone synthase (CHS) is under
redox control (mainly controlled by GSH)
(Wingate et al. 1988).

Heat shock elements and heat shock
factors also participate in redox-regulated gene
expression. Activation of heat shock factor is

characterized by the conversion of this factor
from monomer to trimeric state, a process
induced by heat shock and large variety of
conditions that generate abnormally folded
proteins. Disulfide-linked aggregates of cellular
proteins are formed as a consequence of disturbed
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intracellular redox homeostasis and are one
of the signals required for HSF trimerization
(Arrigo 1999).

A novel homeodomain protein of HD — zip
class isolated from tomato and zinc — finger
protein LSD1 from Arabidopsis is negative
regulators of oxidative cell death and has
been proposed to act as transcriptional regulators
downstream of ROS signal (Mayda et al. 1999).

8.4.3 Arabidopsis Transcriptome
Analysis Under Oxidative
Stress

Recently, it has been postulated that ROS levels
are probably sensed by ROS-sensitive transcription
factors in Arabidopsis (Miller et al. 2008; Miller
and Mittler 2006). These so-called transcription
factors or sensors are proposed to act upstream in
a cascade regulating other transcription factors
(like Zat family, Myb, HSF, WRKY transcription
factor (Fig. 8.5)) and some stress-responsive
protein as well (Miller et al. 2008; Mittal et al.
2009). Based on Arabidopsis model, it is now
suggested that the generation of ROS signaling
component leads to activation of transcription
factors (Zat family, Myb, HSF, WRKY) and
subsequently the expression of ROS-regulated
genes. Such events ultimately establish molecu-
lar link through which cellular responses to
different forms of abiotic stresses are related.

To analyze cellular response to ROS, several
workers across the globe undertaken large scale
analysis of Arabidopsis transcriptome during
oxidative stress. Using cDNA microarray tech-
nology, Desikan et al. (2001) have identified 175
nonredundant expressed sequence tags that are
regulated by H,0,. Treatment of Arabidopsis cul-
ture with 20 mM H,0O, for 1.5 and 3 h and subse-
quently isolation of mRNA from control
(untreated) and H,O,-treated cells serve as probes
for the Arabidopsis Functional Genomics
Consortium Cycle (AFGCC) 1 microarray analy-
sis. Ultimately a global representation of the
changes in expression of all the expressed
sequence tags (ESTs) on microarray became evi-
dent. For the vast majority of transcripts, expres-
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sion appeared unchanged with H,O, treatment.
However, there were clear indications of 175
nonredundant ESTs with a change in expression
greater than 1.5-fold in response to ROS (H,0,)
treatment. Of these, expression of 113 was upreg-
ulated and 62 downregulated.

One of the genes identified via microarray
analysis as being expressed at low levels but
H,0, responsive was that encoding a protein Tyr
phosphatase. Protein Tyr phosphatases are impor-
tant signaling enzymes that regulate protein
phosphorylation in all eukaryotes, particularly
the interaction of MAPK cascades (Luan 1998).
Oxidative stress activates MAPK cascade not
only in plants (Kovtun et al. 2000) but also in ani-
mals, where Tyr phosphatase have been identified
as H,O, inducible. An Arabidopsis protein Tyr
phosphatase has previously been identified that is
transcriptionally regulated by abiotic stress fac-
tors like cold and salt (Xu et al. 1998).

Calcium signaling involving Calmodulin has
been implicated in sensing environmental cues
and imparting stress tolerance. A Calmodulin
gene was found to be strongly induced by H,0,
(Desikan et al. 2001). In Arabidopsis suspension
culture, application of harpin (a proteinaceous
elicitor), which induces oxidative burst, causes
not only the rise in the level of intracellular
Ca? and protein phosphorylation but also the
expression of defense genes (Desikan et al.
2001). Furthermore, NADPH oxidase, a potential
ROS-generating enzyme, contains EF had
calcium-binding motifs (Keller et al. 1998) and
at least one of the NADPH oxidase genes is
induced by H,0O, (Himelbau and Amasino 2000).
These observations suggest that H,O, induction
of a Calmodulin gene might at least, in part, be
regulating the activity of this enzyme. Moreover,
a Calmodulin has been shown to mediate between
calcium and ROS generation undergoing hyper-
sensitive response. Dehydration or desiccation
stress-induced stomatal closure in plants also
involves oxidative stress-induced Ca*" signaling.
It was demonstrated that ABA induces generation
of H,0, in stomatal guard cells and subsequently
H,0,-activated Ca** influx and stomatal closure
(Desikan et al. 1998a). Thus, a significant extent
of cross-tolerance occurs between ROS and Ca?*,
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where both these signaling intermediates mediate
cross-tolerance to a variety of stresses (Bowler
and Fluhr 2000).

Among the genes induced by H,0, was one
encoding a blue copper-binding protein, which
might function to sequester Cu, a toxic heavy
metal (Himelbau and Amasino 2000). This gene
was also induced by harpin and UV and its
expression was up- regulated in senescing
leaves. Thus, it is not surprising that there are
genes that are induced by both oxidative stress
and senescence.

The expression of genes encoding a mitochon-
drial uncoupling protein, pyruvate decarboxyl-
ase, and a myb-related transcription factor were
induced by H,O, (Finkel and Holbrook 2000).
Mitochondrial uncoupling proteins are key fac-
tors regulating ATP synthesis and generation of
ROS in mitochondria, which in turn maintains
the redox balance of the cell.

Some of the H,O,-sensitive genes could also
be involved in plant signaling. For example, a
gene encoding a syntaxin was identified as H,O,
responsive by both microarray and RNA blot
analysis. Syntaxins are docking proteins involved
in vesicle trafficking, and a role in the hormonal
control of guard cell ion channels has been dem-
onstrated for an ABA-inducible syntaxin in
tobacco (Leyman et al. 1999). As both the elici-
tors and ABA induce H,0, production in guard
cells, it could be that induction of a syntaxin by
H,0, is involved in regulating guard cell func-
tioning (Pei et al. 2000). Similarly, genes encod-
ing myrosinase-binding proteins and JA-inducible
proteins were shown to be H,0, responsive on
the microarray analysis (Reymond et al. 2000).

Transcription factors have been reported to be
induced rapidly during defense responses
(Durrant et al. 2000). Various genes encoding
transcription factors under adverse environmen-
tal stresses have been found to be induced by
ROS, particularly by H,0,, suggesting that these
transcription factors mediate further downstream
H,O, responses. Among the transcription factors
induced by H,0,, EREBP, and DREB2A are
important ones that regulate gene expression dur-
ing various environmental stresses (Riechmann
and Meyerowitz 1998). The involvement of zinc
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finger transcription factors in stress responses has
been reported. During barley-powdery mildew
interactions, a zinc finger protein was identified
as a key mediator of R gene-induced resistance
responses such as H,O, generation (Shirasu et al.
1999). A host of other kinds of stresses such as
salinity, ozone, UV, and wounding also induce
this class of genes (Takatsuji 1999).

H,0, not only activates the expression of
genes but also repressed the expression of some
genes. Desikan et al. (2001) reported downregu-
lation of expression of 62 genes in Arabidopsis.
Many of these encode proteins of unknown func-
tions. It is interesting to note that genes encoding
a receptor protein kinase and cys-proteases were
repressed by H,O,.

The microarray analysis has enabled us to
identify a number of expressed sequences tags
(ESTs) regulated by oxidative stress, which are
of potential importance to diverse stress
responses. Co-regulation of those genes by vari-
ous stresses supports the hypothesis that H,0O,
mediates cross-tolerance (Desikan et al. 2001;
Bowler and Fluhr 2000). Coordinated expression
of several genes in response to specific stimulus
can be achieved via the interaction of transcrip-
tion factors with cis-elements common to the
promoter regions of those genes. For example,
WRKY binding site was identified in the pro-
moter region of 26 genes, making up the “patho-
gen regulon” in Arabidopsis (Maleck et al. 2000).
Analysis of the 1.1-kb 5-upstream region of all the
oxidative stress-induced genes did not reveal
the presence of unknown binding site common
to them. However, Desikan et al. (2001) identified
5'-upstream regions in the H,O,-induced genes
that are potential binding sites for redox-sensitive
transcription factors. These included binding
sites for myb (Myrset et al. 1993), Osc/As-1-like
proteins (associated with auxin and SA-induced
genes), and AP-19 (Qin et al. 2000).

The work done so far on Arabidopsis demon-
strates that H,O, can modulate the expression of
a subset of genes within Arabidopsis genome
and also potentially alter the activity of cellular
proteins. The mechanistic roles of H,O, by dint
of which these changes are induced still remain
to be elucidated. It may be possible that H,O,
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can interact directly with the target proteins
thereby altering the conformation of the proteins
(Abate et al. 1990). The role of various redox
sensors that detect and respond to oxidants spe-
cifically H,O, is also important in this content.
In this context the induction of a gene encoding
a potential hybrid His-kinase is of particular
interest. His-kinases and two-component signal
transduction systems are well represented in
Arabidopsis genome and have already been
shown to modulate cellular responses to other
growth regulators. H,0,-induced expression of
His-kinase suggests strangely that it may function
as H,0, sensor in plants mediated with other
downstream MAPK systems.

8.4.4 ROS: Part of Signaling
Network Involving Kinases
and Phosphatases

In order to exert such a profound effect on plant
metabolism, ROS must utilize and/or interfere
with other signaling molecules (Mittler et al.
2011). In other words, ROS signaling is highly
integrated with other hormonal signaling net-

works that help the system in processing and
transmitting environmental inputs to evoke
appropriate responses under environmental con-
straints. Involvement of almost all recognized
plant growth regulators like GAs, ABA, TAA,
SA, and C,H, together with ROS signaling (both
feed forward and backward) allows the plant
to regulate short-term acclimation, long-term
adaptive responses, and developmental processes
(Fig. 8.6). The protective signaling events regu-
lated by plant hormones which may lead to acti-
vation of acclimation responses, such as reduction
of stomatal conductance and regulation of
hydraulic conductivity, found to be largely medi-
ated by ROS (Miller et al. 2010; Sakomoto et al.
2008). There exists cross talk between ROS and
hormones like GAs, ABA, IAA, SA, and C,H,,
which ultimately confer defense, stress acclima-
tion, cell death response, and developmental cues
(Mittler et al. 2011; Miller et al. 2010).

H,0, was found to induce accumulation of stress
hormones such as C,H, and salicylic acid (Leon
et al. 1995). Plant hormones are not only
downstream of ROS signal; ROS themselves are
secondary messengers in many hormone-mediated
signaling pathways (Chen et al. 1993a, b).
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Therefore it is conceivable that feedback/feed
forward interactions between ROS and hor-
mones occur (Fig. 8.6).

ABA is implicated in a number of abiotic
stress responses associated with dehydration,
such as drought, cold, salinity, and heat shock.
One of the physiological ABA responses is
stomatal closure that prevents excessive transpi-
ration. As a consequence, availability of CO, for
fixation of the C; cycle is limited, which may, in
turn, enhance ROS production in the chloroplast.
Despite this well-known caused link between
ABA and ROS, little attention has been drawn on
the relationship between these two signaling
molecules and their pathways. Earlier studies
have shown that ABA can modulate activities of
antioxidant enzymes and can affect expression of
genes encoding them (Gong et al. 1998; Kurepa
et al. 1997). Both H,0, and ABA independently
acclimate maize seedlings to chilling; however,
the relative position of the messengers in this pro-
cess is not yet clear. The antioxidant gene Catl
induction takes place independently both by
ABA and ROS. Because H,0, levels rapidly
increase upon ABA treatment, H,O, was pro-
posed to be a downstream component of ABA
signaling involving Catl induction (Guan et al.
2000). Therefore, a model for signaling pathway
leading to downstream ABA responses starts to
emerge and is in part based on the studies of reg-
ulation of stomatal conductance by ABA. Briefly,
stomatal closure is mediated via a reduction of
osmolyte concentrations (both inorganic and
organic) in the guard cells. ABA initiates the pro-
cess via an increase in cytosolic Ca** level that
can be released from internal stores via ADP-
ribose and from external sources via influx across
plasma membrane. ABA signaling pathway is
negatively regulated by PP2C-like phosphatases
that are transcriptionally activated by ABA, cre-
ating a negative feedback loop (Gosti et al. 1993).
It was demonstrated that ABA induces generation
of H,0, in stomatal guard cells and H,O,-activated
Ca*" influx as well as stomatal closure. Alternatively,
H,0, may modulate ABA responses by compro-
mising the negative effect of PP2Cs on ABA path-
way, because a tobacco homologue of PP2Cs,
implicated in ABA signaling, is transcriptionally
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downregulated by a number of oxidative stress
stimuli (Varnova et al. 2002). Thus, the condition
where ROS enhance and/or prolong downstream
ABA responses or activate the pathway by
decreasing the negative regulator PP2C may be
envisaged.

Various oxidants, especially H,0,, cause
Ca?* influx into cytoplasm and consequently in
mitochondria and nucleus. In fact, Ca** can be
used as a signal molecule to respond oxidant
stimuli which can activate and repress proteins
and gene transcription. Generally, oxidants
activate Ca®* channels, repress pumps, and can
even reverse Na*/Ca?* exchangers (Cunninghum
and Fink 1996). However, the mechanisms by
which ROS exerts such regulation are poorly
understood.

Calcineurin is one of the least characterized
Ca?*-dependent phosphates. It is calcium-/
calmodulin-activated serine/threonine phosphatase
(PP2B) which is an important enzyme in Ca**-
dependent eukaryotic signal transduction path-
ways. Calcineurin plays a critical role in cellular
responses to various extracellular signals and
environmental stresses (Asai et al. 1999; Krebs
1997). In plants calcineurin mediates stress adap-
tation (Asai et al. 1999). Calcineurin activity is
found to be extremely sensitive to cellular redox
state (Krebs 1997). H,O, can completely abro-
gate calcineurin-mediated NF-AT transactivation
in response to stimulation (Asai et al. 1999). It
has also been shown that calcineurin inhibitors
protect against Ca**-induced cell toxicity, which
is observed when cells are transferred from media
without Ca?* to media containing physiological
concentrations of Ca?". These observations link
calcineurin with both oxidative stress and cal-
cium signaling. The mechanism by which calci-
neurin mediates interactions of oxidative stress
with Ca? signaling is not yet understood. It might
involve Ca*" transport through InsP;-sensitive
channel in ER/SR. Activation of calcineurin by
Ca?* can cause further Ca*" influx into the cyto-
plasm. Calcineurin transduction pathways are
well characterized in yeast, where enzyme pro-
motes growth in high Ca?* environments by
dephosphorylation of Tcnlp/Crzlp transcription
factor. Oxidative stress causes rising Ca**
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concentrations in the cytoplasm and the nucleus.
Ca* in turn activates CaM binding to calcineurin
and enhances phosphatase activity.

Ethylene, another stress hormone, also found
to have interaction with ROS in their signaling
network. Tobacco plants with reduced peroxi-
somal catalase activity produce C,H, as an earliest
response of high light irradiance (Chamnongpol
et al. 1998). Exogenous application of H,O,
increases C,H, production in pine needles in a
concentration-dependent manner (Ivenish and
Tillberg 1995). Ozone, which is known to form
ROS in apoplast, induces accumulation of C,H,
in tobacco plants. C,H, in all cases seems to orig-
inate from de novo synthesis, as ACC (precursor
of C,H, biosynthesis) increases concomitantly
with C,H; production (Ivenish and Tillberg
1995). Recently, O;-induced O, accumulation
and cell death have been demonstrated to be
substantially reduced in ethylene-insensitive
Arabidopsis mutant ein-2, whereas ethylene-
insensitive Arabidopsis mutant eto-1 is hypersen-
sitive to ozone. This strongly suggests that C,H,
has a potentiating role in oxidative cell death by
controlling O, accumulation.

Protein kinases and phosphatases are vital for
transduction ROS signals. A cascade of three
protein kinases mitogen-activated protein kinase
kinase kinase (MAPKKK), protein kinase kinase
(MAPKK), and protein kinase (MAPK) is a con-
served functional module in a variety of signal
transduction pathways in diverse organisms (Hirt
2000). A MAPK module that senses H,O, signal
and translate it to the expression of defense genes
(GST 6, HSP 18.2) was identified in Arabidopsis
(Kovtun et al. 2000). This module consists of an
upstream kinase AMP 1 and downstream kinases
AtMpk 3 and AtMPK 6 H,0,, but not auxins;
ABA activates this kinase cascade (Kovtun et al.
2000).

Therefore, plant hormones are not only located
downstream of ROS signal, but ROS themselves
are also secondary messengers in many hormone
signaling pathways. Ca?* can also be exploited as
a signaling intermediate under oxidative stress.
So, both feedback and feed forward interactions
may conceivably occur between different endog-
enous growth regulators, Ca?* and ROS.
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8.5 Conclusion and Perspective

It is now clear that ROS is involved in acclama-
tory stress tolerance in plants. Because ROS are
linked to acclamatory stress responses, decipher-
ing ROS signaling is likely to have a significant
impact on agriculture and biotechnology which
could lead to the development of crops with
enhanced yield under suboptimal conditions.
ROS through redox-sensing device interact with
other major signaling pathways, to trigger com-
plex metabolism leading to the regulation of
expression of stress inducible genes. The com-
plexity of plant responses to multiple stresses and
ROS network has shown a need to develop new
research approach to elucidate the overwhelming
benefit of ROS in stress acclimation and defense
mechanism, which ultimately will enable us to
harvest the yield potential of crops. The manage-
ment of oxidative stress and the ROS-mediated
upregulation of specific stress inducible genes
need to be evaluated in important agricultural
crops so that we can adopt the positive ROS net-
work pathways as a highly beneficial prerequisite
for stress acclimation and defense.

Acknowledgement The author is thankful to research
funding obtained from University Grants Commission,
New Delhi, India, in the form of Major Research Project
(EPSU.012/08-09, ERO).

References

Abate C, Patel L, Rauscher FJ, Curran T (1990) Redox
regulation of fos and jun DNA binding activity in
vitro. Science 249:1157-1161

Allen JF (1993) Redox control of transcription: sensors,
response regulators, activators and suppressors. FEBS
Lett 332:203-207

Allen RD (1995) Dissection of oxidative stress tolerance
using transgenic plants. Plant Physiol 107:1047-1054

Alscher RG, Hess JL (1993) Antioxidant in higher plants.
CRC Press, Boca Raton. ISBN 0-8493-6328-4

Alscher RG, Donahue JL, Cramer CL (1997) Reactive
oxygen species and antioxidants: relationship in green
cells. Physiol Plant 100:224-233

Alvarez ME, Pennell R, Meijer P-J, Ishikawa A, Dixon
RA, Lamb C (1998) Reactive oxygen intermediates



8 Reactive Oxygen Species-Associated Mechanism of Acclamatory Stress Tolerance, Signaling... 171

mediate a systemic signal network in the establishment
of plant immunity. Cell 92:773-784

Alveraz ME, Lamb C (1997) Oxidative burst-mediated
defense responses in plant disease resistance. In:
Scandalios JG (ed) Oxidative stress and the molecular
biology of antioxidant defense. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, pp 815-839

Arora A, Sairam RK, Srivastava GC (2002) Oxidative
stress and antioxidative system in plants. Curr Sci
82(10):1221-1235

Arrigo A-P (1999) Gene expression and the thiol redox
state. Free Rad Biol Med 27:936-943

Asada K (1994) Production and action of active oxygen in
photosynthetic tissue. In: Foyer CH, Mullineaux PM
(eds) Causes of photooxidative stress and amelioration
of defense systems in plants. CRC Press, Boca Raton,
pp 77-104. ISBN 0-8493-5443-9

Asada K (2006) Production and scavenging of reactive
oxygen species in chloroplasts and their functions.
Plant Physiol 141:391-396

Asada K, Takahashi M (1987) Production and scavenging
of active oxygen in photosynthesis. In: Kyle DJ,
Osmund CB, Arntzen CJ (eds) Photoinhibition.
Elsevier, Amsterdam, pp 227-287

Asai A, Qui J, Narita Y (1999) High level calcineurin
activity predisposes neuronal cells to apoptosis. J Biol
Chem 274:34450-34458

Bhattacharjee S (2005) Reactive oxygen species and oxi-
dative burst: roles in stress, senescence and signal
transduction in plants. Curr Sci 89(5):1113-1121

Bhattacharjee S (2012a) An inductive pulse of hydrogen
peroxide pretreatment restores redox- homeostasis
and mitigates oxidative membrane damage under
extremes of temperature in two rice cultivars (Oryza
sativa L., Cultivars Ratna and SR 26B). Plant Growth
Regul 68:395-410. doi:10.1007/s10725-012-9728-9.
Springer

Bhattacharjee S (2012b) The language of reactive oxygen
species signaling in plants. J Bot 2012:01-22.
doi:10.1155/2012/985298

Bhattacharjee S (2013) Heat and chilling induced disrup-
tion of redox homeostasis and its regulation by hydro-
gen peroxide in germinating rice seeds (Oryza sativa
L., Cultivar Ratna). Physiol Mol Biol Plants.
doi:10.1007/s12298-012-0159-x

Bonardi V, Pesaresi P, Becker T, Schleiff E, Wagner R,
Pfannschmidt T, Jahns P, Leister D (2005) Photosystem
II core phosphorylation and photosynthetic acclima-
tion require two different protein kinases. Nature
437:1179-1182

Bowler C, Fluhr R (2000) The role of calcium and acti-
vated oxygen as signals for controlling cross-tolerance.
Trends Plant Sci 5:241-245

Bowler C, Van Montague M, Inze D (1992) Superoxide
dismutase and stress tolerance. Annu Rev Plant
Physiol Plant Mol Biol 43:83-116

Boyer JS (1982) Plant productivity and environment.
Science 218:443-448

Burke JJ, Gamble PE, Hartfield JL, Quienberry JE (1985)
Morphological and biochemical responses to field water

deficit. I. Responses of glutathione reductase activity
and paraquat sensitivity. Plant Physiol 79:415-419

Chamnongpol S, Willekens H, Moeder W, Langebartels
C, Sandermann H Jr, Van Montagu M, Inzé D, Van
Camp W (1998) Defense activation and enhanced
pathogen tolerance induced by H,O, in transgenic
plants. Proc Natl Acad Sci U S A 95:5818-5823

Chen W, Singh KB (1999) The auxin, hydrogen peroxide
and salicylic acid induced expression of the
Arabidopsis GST 6 promoter is mediated in part by an
ocs element. Plant J 19:667-674

Chen Z, Silva H, Klessig DF (1993a) Active oxygen spe-
cies in the induction of plant systemic acquired resis-
tance by salicylic acid. Science 262:1883-1886

Chen Z, Silva H, Klessig DF (1993b) Active oxygen spe-
cies in the induction of plant systemic acquired resis-
tance by salicylic acid. Science 262:1886—1891

Chen W, Chao G, Singh KB (1996) The promoter of a
H,0,-inducible, Arabidopsis glutathione S-transferase
gene contains closely linked OBF- and OBP1-binding
sites. Plant J 10:955-962

Creissen G, Firmin J, Freyer M, Kular B, Leyland N
(1999) Elevated glutathione biosynthesis capacity in
the chloroplast of transgenic tobacco plants paradoxi-
cally causes increased oxidative stress. Plant Cell
11:1277-1292

Cunninghum KW, Fink GK (1996) Calcineurin-dependent
inhibits VCX1-dependent H*/Ca®>* exchange and
induces Ca®*-ATPases in Saccharomyces cerevisiae.
Mol Cell Biol 16:2226-2237

Dangl J (1998) Plants just say NO to pathogens. Nature
394:525-527

Daniel V (1993) Glutathione S-transferases: gene struc-
ture and regulation of expression. Crit Rev Biochem
Mol Biol 28:173-207

DatJ, Van Breusegerm F, Vandenabeele S, Vranova E, Van
Montagu M, Inzé D (2000) Active oxygen species and
catalase during plant stress response. Cell Mol Life
Sci 57:779-786

Davison PA, Hunter CN, Horton P (2002) Overexpression
of P carotene hydroxylase enhances stress tolerance in
Arabidopsis. Nature 418:203-206

Delgado-Lopez H, Dat JF, Foyer CH, Scott IM (1998)
Induction of thermotolerance in potato microplants by
acetylsalicylic acid and H,O,. Exp Bot 49:713-720

Demple B (1991) Regulation of bacterial oxidative stress
genes. Annu Rev Genet 25:315-337

Desikan R, Hancock JT, Coffey MJ, Neill SJ (1996)
Generation of active oxygen in elicited cells of
Arabidopsis thaliana is mediated by a NADPH
oxidase-like enzyme. FEBS Lett 382:213-217

Desikan R, Neill SJ, Hancock JT (1997) Generation of active
oxygen in Arabidopsis thaliana. Phyton 37:65-70

Desikan R, Reynolds A, Hancock JT, Neill SJ (1998a)
Harpin and hydrogen peroxide both initiate pro-
grammed cell death but have differential effects on
defense gene expression in Arabidopsis thaliana sus-
pension cultures. Biochem J 330:115-120

Desikan R, Burnett EC, Hancock JT, Neill SJ (1998b)
Harpin and hydrogen peroxide induce the expression


http://dx.doi.org/10.1007/s10725-012-9728-9
http://dx.doi.org/10.1155/2012/985298
http://dx.doi.org/10.1007/s12298-012-0159-x

172

S. Bhattacharjee

of a homologue of gp91-phox in Arabidopsis thaliana
suspension cultures. J Exp Bot 49:1767-1771

Desikan R, Clarke A, Hancock JT, Neill SJ (1999) H,0,
activates a MAP kinase-like enzyme in Arabidopsis
thaliana suspension cultures. J Exp Bot 50:1863—1866

Desikan R, Neill SJ, Hancock JT (2000) Hydrogen
peroxide-induced gene expression in Arabidopsis
thaliana. Free Rad Biol Med 28:773-778

Desikan R, Hancock JT, Ichimura K, Shinozaki K, Neill
SJ (2001) Harpin induces activation of Arabidopsis
mitogen activated protein kinases AtMPK 4 and
AtMPK 6. Plant Physiol 126:1579-1587

Dietzel L, Pfannschmidt T (2008) Photosynthetic accli-
mation to light gradients in plant stands comes out of
shade. Plant Signal Behav 03:1116-1118

Doke N, Miura Y, Leandro MS, Kawakita K (1994)
Involvement of superoxide in signal transduction:
responses to attack by pathogens, physical and chemi-
cal shocks, and UV irradiation. In: Foyer CH,
Mullineaux PM (eds) Causes of photooxidative stress
and amelioration of defense systems in plants. CRC
Press, Boca Raton, pp 177-197. ISBN 0-8493-5443-9

Dougles CJ (1993) Phenyl propanoid metabolism and lig-
nin biosynthesis: from weeds to trees. Trends Plant Sci
1:171-178

Droge-Laser W, Kaiser A, Lindsay WP, Halkier BA, Loake
GJ, Doerner P, Dixon RA, Lamb C (1997) Rapid stim-
ulation of a soybean protein-serine kinase that phos-
phorylates a novel bZip DNA-binding protein, G/
HBF-1, during the induction of early transcription-
dependent defenses. EMBO J 16(726):734

Durrant WE, Rowland O, Piedras P, Hammond-Kosack
KE, Jones JDG (2000) cDNA-AFLP reveals a striking
overlap in race-specific resistance and wound-response
gene expression profiles. Plant Cell 12:963-977

Eltsner EF (1987) Metabolism of activated oxygen spe-
cies. In: Davis DD (ed) The biochemistry of plants.
Academic, San Diego, pp 253-315

Finkel T, Holbrook NJ (2000) Oxidants, oxidative stress
and the biology of ageing. Nature 408:239-247

Foyer CH (1996) Oxygen metabolism and electron trans-
port in photosynthesis. In: Scandalios J (ed) Oxidative
stress and the molecular biology of antioxidant
defenses. Cold Spring Harbor Laboratory Press, New
York, pp 587-621

Foyer CH, Noctor G (2009) Redox regulation in photosyn-
thetic organisms: signaling, acclimation, and practical
implications. Antioxid Redox Signal 11:861-905

Foyer CH, Descourvieres P, Kunert KJ (1994) Protection
against oxygen radicals: an important defence mecha-
nism studied in transgenic plants. Plant Cell Environ
17:507-523

Foyer CH, Lopez-Delago H, Dat JF, Scott IM (1997)
Hydrogen peroxide and glutathione associated mecha-
nism of acclamatory stress tolerance and signaling.
Physiol Plant 100:241-254

Fridovich I (1995) Superoxide radical and superoxide dis-
mutase. Annu Rev Biochem 64:97-112

Friling RS, Bergelson S, Daniel V (1992) Two adjacent
AP-1-like binding sites from the electrophile-responsive

element of the murine glutathione S-transferase Ya sub-
unit gene. Proc Natl Acad Sci U S A 89:668-671

Gadjev I, Vanderauwera S, Gechev TS (2006)
Transcriptomic footprints disclose specificity of reac-
tive oxygen species signaling in Arabidopsis. Plant
Physiol 141:436-445

Galvez-Valdivieso G, Mullineaux PM (2010) The role of
reactive oxygen species in signaling from chloroplast
to nucleus. Physiol Plant 138:430-439

Godon C, Lagniel G, Lee J, Buhler JM, Kieffer S, Perrot
M, Boucherie H, Toledano MB, Labarre J (1998) The
H,0, stimulon in Saccharomyces cerevisiae. J Biol
Chem 273:22480-22486

Gong M, Li YJ, Chen SZ (1998) ABA induced thermotol-
erance in maize seedlings is mediated by calcium and
associated antioxidant systems. J Plant Physiol
153:488-497

Gosti F, Beandoin N, Serizet C, Webb AAR, Vertanian N,
Giraudat T (1993) AB11 protein phosphatase 2C is a
negative regulator of ABA signaling. Plant Cell
11:1897-1903

Grover A, Chandramouli S, Agarwal S, Katiyar-Agarwal
S, Agarwal M, Sahi C (2009) Transgenic rice for toler-
ance against abiotic stresses. In: Dutta SK (ed) Rice
improvement in genomic era. Hawarth Press, New
York, pp 237-267

Guan ZM, Zhao J, Scandalios JG (2000) Cis-elements and
trans-factors that regulate expression of maize Catl
antioxidant gene in response to ABA and osmotic
stress: H,O, is the likely intermediary signaling mole-
cule for the response. Plant J 22:87-98

Halliwell B, Gutteridge JIMC (1989) Free radicals in biol-
ogy and medicine. Clarendon Press, Oxford

Himelbau E, Amasino RM (2000) Delivering copper
within plant cells. Curr Opin Plant Biol 03:205-210

Hirt H (2000) MAP kinases in plant signal transduction.
In: Results and problems of cell differentiation, vol 27.
Springer, Berlin

Huner NPA, Oquist G, Sarhan F (1998) Energy balance
and acclimation to light and cold. Trends Plant Sci
03:224-230

Imlay JA (2008) Cellular defences against superoxide and
hydrogen peroxide. Annu Rev Biochem 77:755-776

Imsande J (1999) Iron-sulphur clusters: formation, pertur-
bation, and physiological functions. Plant Physiol
Biochem 37:87-94

Ito J, Taylor NL, Castleden I, Weckwerth W, Millar AH,
Heazlewood JL (2009) A survey of the Arabidopsis
thaliana mitochondrial phosphoproteome. Proteomics
09:4229-4240

Ivenish G, Tillberg EJ (1995) Stress-induced ethylene bio-
synthesis in pine needles: a search for putative ACC-
independent pathway. Plant Physiol 145:308-317

Jamieson DJ (1998) Oxidative stress responses of yeast
Saccharomyces cerevisiae. Yeast 14:1511-1527

Karpinski S, Escobar C, Karpinska B, Creissen G,
Mullineaux PM (1997) Photosynthetic electron trans-
port regulates expression of cytosolic ascorbate per-
oxidase genes in Arabidopsis during excess light
stress. Plant Cell 9:627-635



8 Reactive Oxygen Species-Associated Mechanism of Acclamatory Stress Tolerance, Signaling... 173

Karpinski S, Reynolds H, Karpinska B, Wingsle Creissen
G, Creissen G, Mullineaux P (1999) Systemic signal-
ing and acclimation inresponse to excess excitation
energy in Arabidopsis. Science 284:654—657

Keller T, Damude HG, Werner D, Doerner P, Dixon RA,
Lamb CA (1998) Plant homolog of the neutrophil
NADPH oxidase gp91P'** subunit gene encodes a
plasma membrane protein with Ca* binding motifs.
Plant Cell 10:255-266

Kim YH, Park KH, Rho HM (1996) Transcriptional activa-
tion of the Cu/Zn-superoxide dismutase gene through the
AP2 site by ginsenoside Rb-2 extracted from a medicinal
plant Panax ginseng. J Biol Chem 271:24539-24543

Knight H, Trewavas AJ, Knight MR (1996) Cold calcium
signalling in Arabidopsis involves two cellular pools
and a change in calcium signature after acclimation.
Plant Cell 8:489-503

Koussevitzky S, Nott A, Mockler TC, Hong F, Sachetto-
Martins G, Surpin M, Lim J, Mittler R, Chory J (2007)
Signals from chloroplasts converge to regulate nuclear
gene expression. Science 316:715-719

Kovtun Y, Chiu W-L, Tena G, Sheen J (2000) Functional
analysis of oxidative stress-activated mitogen-
activated protein kinase cascade in plants. Proc Natl
Acad Sci U S A 97:2940-2945

Krause GH (1994) The role of oxygen in photoinhibition
and photosynthesis. In: Foyer CM, Mullineaux PM
(eds) Causes of photooxidative stress and amelioration
of defense systems in plants. CRC Press, Boca Raton,
pp 43-76

Krause GH (1998) Photoinhibition of photosynthesis. An
evaluation of damaging and protective mechanisms.
Physiol Plant 74:566-574

Krebs J (1997) The role of calcium in apoptosis. Biometals
11:375-382

Kuge S, Jones N, Nomoto A (1997) Regulation of yAP-1
nuclear localization in response to oxidative stress.
EMBO J 16:1710-1720

Kunert KJ, Foyer CH (1993) Thiol/disulphide exchange
in plants. In: De Kok LJ, Stulen I, Rennenberg H,
Brunold C, Rauser W (eds) Sulphur nutrition and
assimilation in higher plants: regulatory, agricultural
and environmental aspects. SPB Academic Publishers,
The Hague, pp 139-151. ISBN 90-5103-084-3

Kurepa J, Herooart D, Van Motague M, Inze D
(1997) Differential expression of Cu, Zn and
Fe-superoxidedismutase genes of tobacco during
development, oxidative stress and hormonal treat-
ments. Plant Cell Physiol 38:463-473

Lee KP, Kim C, Landgraf F, Apel K (2007) EXECUTERI1-
and EXECUTER2-dependent transfer of stress-related
signals from the plastid to the nucleus of Arabidopsis
thaliana. Proc Natl Acad Sci U S A 104:10270-10275

Leon J, Lawton MA, Raskin I (1995) Hydrogen peroxide
stimulates salicylic acid biosynthesis in tobacco. Plant
Physiol 108:1673-1679

Levine A, Tenhaken R, Dixon R, Lamb C (1994) H,0,
from the oxidative burst orchestrates the plant
hypersensitive disease resistance response. Cell
79:583-595

Leyman B, Geelen D, Qunitero FJ, Blatt MR (1999) A
tobacco syntaxin with a role in hormonal control of
guard cell ion channels. Science 283:537-540

Li Z, Wakao S, Fischer BB, Niyogi KK (2009) Sensing
and responding to excess light. Annu Rev Plant Biol
60:239-260

Luan S (1998) Protein phosphatases and signaling cas-
cades in higher plants. Trends Plant Sci 3:271-275

Mahalingam R, Fedoroff N (2003) Stress response, cell
death and signaling. Physiol Plant 119:56-68

Maleck K, Levine A, Eulgem T, Morgan A, Schmid J,
Lawton KA, Dangl JL, Dietrich RA (2000) The tran-
scriptome of Arabidopsis thaliana during systemic
acquired resistance. Nat Genet 26:403—410

Marrs K (1996) The function and regulation of glutathi-
one — s — transferases in plants. Annu Rev Plant
Physiol Plant Mol Biol 47:127-158

Matsuda Y, Okuda T, Sagisaka S (1994) Regulations of
protein-synthesis by hydrogen peroxide in crowns of
winter-wheat. Biosci Biotech Biochem 58:906-909

Mayda E, Tornero P, Conejero V, Vera PA (1999) Tomato
homeobox gene (HD-Zip) is involved in limiting the
spread of programmed cell death. Plant J 20:591-598

Miller G, Mittler R (2006) Could heat shock transcription
factors function as hydrogen peroxide sensors in
plants? Ann Bot 98:279-288

Miller G, Shulaev V, Mittler R (2008) Reactive oxygen
species and abiotic stress. Physiol Plant 133:481-489

Miller G, Suzuki N, Ciftci-Yilmaz S, Mittler R (2010)
Reactive oxygen species homeostasis and signaling
during drought and salinity stresses. Plant Cell Environ
33:453-467

Mittal D, Chakraborty S, Sarkar A, Singh A, Grover A
(2009) Heat shock factor gene family in rice: genomic
organization and transcript expression profiling in
response to high temperature, low temperature and
oxidative stress. Plant Physiol Biochem. doi:10.1016/.
plaphy.2009.05.003, 01-11

Mittler R, Zilinskas BA (1992) Molecular cloning and
characterization of a gene encoding pea cytosolic
ascorbate peroxidase. J Biol Chem 267:21802-21807

Mittler R, Vanderauwera S, Suzuki N, Miller G, Vanesa B,
Tognetti, Vandepoele K, Gollery M, Shulaev V, Van
Breusegem F (2011) ROS signaling: the new wave?
Trends Plant Sci 16(6):117-129

Mylona PV, Polidoros AN (2010) ROS regulation and
antioxidant genes. In: Dutta Gupta S (ed) Reactive
oxygen species and antioxidants in higher plants.
Science Publishers/CRC Press, Enfield/Boca Raton,
pp 01-30

Myrset AH, Bostad A, Jamin N, Lirsac P-N, Toma F,
Gabrielsen OS (1993) DNA and redox state induced
conformational changes in the DNA-binding domain
of the Myb oncoprotein. EMBO J 12:4625-4633

Neill S, Desikan R, Clarke A, Harcock J (1999) H,0, sig-
nalling in plant cells. In: Smallwood MF, Calvert CM,
Bowles DJ (eds) Plant responses to environmental
stress. Bios Scientific Publishers, Oxford, pp 59-64

Neuenschwander U, Vernooij B, Friedrich L, Ukanes S,
Kesmann H, Ryales J (1995) Is hydrogen peroxide a


http://dx.doi.org/10.1016/.%20plaphy.2009.05.003,%2001%E2%80%9311
http://dx.doi.org/10.1016/.%20plaphy.2009.05.003,%2001%E2%80%9311

174

S. Bhattacharjee

second messenger of salicylic acid in systemic
acquired resistance? Plant J 8:227-233

Nishiyama A, Masutani H, Nakamura H, Nishinaka Y,
Yodi J (2001) Redox regulation by thioredoxin and
thioredoxin binding proteins. IUBMB Life 52:29-33

Noctor G, Arisi A-C, Joanin L, Kunert KJ, Rennenberg H,
Foyer CH (1998) Glutathione: biosynthesis, metabo-
lism and relationship to stress tolerance explored in
transformed plants. J Exp Bot 49:623-647

Nott A, Jung HS, Koussevitzky S, Chory J (2006)
Plastid-to nucleus retrograde signaling. Annu Rev
Plant Biol 57:739-759

Okuda T, Matsuda Y, Yamanaka A, Sagisaka S (1991)
Abrupt increase in the level of hydrogen peroxide in
leaves of winter wheat is caused by cold treatment.
Plant Physiol 97:1265-1267

Pei Z-M, Murata Y, Benning G, Thomine S, Kliisener B,
Allen GJ, Grill E, Schroeder JI (2000) Calcium
channels activated by hydrogen peroxide mediate
abscisic acid signalling in guard cells. Nature 406:
731-734

Pesaresi P, Hertle A, Pribil M et al (2010) Arabidopsis STN7
kinase provides a link between short- and long-term pho-
tosynthetic acclimation. Plant Cell 21:2402-2423

Pfannschmidt T, Nilsson A, Allen JF (1999) Photosynthetic
control of chloroplast gene expression. Nature
397:625-632

Pogson BJ, Woo NS, Forster B, Small ID (2008) Plastid
signalling to the nucleus and beyond. Trends Plant Sci
13:602-609

Polidoros AN, Scandalios JG (1999) Role of hydrogen
peroxide and different classes of antioxidants in the
regulation of catalase and glutathione S-transferase
gene expression in maize (Zea mays L.). Physiol Plant
106:112-119

Prasad TK, Anderson MD, Martin BA, Stewart CR (1994)
Evidence for chilling-induced oxidative stress in
maize seedlings and a regulatory role for hydrogen
peroxide. Plant Cell 06:65-74

Prasad TK, Anderson MD, Stewart CR (1995) Localisation
and characterisation of peroxidases in the mitochon-
dria of chilling-acclimated maize seedlings. Plant
Physiol 108:1597-1605

Qin XF, Holuigue L, Horvath DM, Chua NH (2000)
Immediate early transcription activation by salicylic
acid via the cauliflower mosaic virus as-1 element.
Plant Cell 06:863-874

Reymond P, Weber H, Damond M, Farmer EE (2000)
Differential gene expression in response to mechanical
wounding and insect feeding in Arabidopsis. Plant
Cell 12:707-719

Riechmann JL, Meyerowitz EM (1998) The AP2/EREBP
family of plant transcription factors. Biol Chem
379:633-646

Rouhier N, Lamaire SD, Jaqcquot J-P (2009) The role of
GSH in photosynthetic organisms: the emerging func-
tion of glutaredoxins and glutathionylation. Annu Rev
Plant Biol 59:143-166

Russell AW, Critchley C, Robinson SA, Franklin LA,
Seaton GGR, Chow W-S, Anderson J, Osmond CB

(1995) Photosystem Il regulation and dynamics of the
chloroplast D1 protein in Arabidopsis leaves during
photosynthesis and photoinhibition. Plant Physiol
107:943-952

Sakamoto M (2008) Involvement of hydrogen peroxide in
leaf abscission signaling revealed by analysis with an
in vitro abscission system in Capsicum plants. Plant J
56:13-27

Santos M, Gousseau H, Lister C, Foyer C, Creissen G,
Mullineaux PM (1996) Cytosolic ascorbate peroxi-
dase from Arabidopsis thaliana L. is encoded by a
small multigene family. Planta 198:64-69

Shapiguzov A, Vainonen JP, Wrzaczek M, Kangasjérvi J
(2012) ROS-talk-how how the apoplast, the chloro-
plast and the nucleus get the message through. Front
Plant Sci. doi:10.3389/fpls.2012.00292

Sharma YL, Leon J, Raskin I, Davis KR (1996) Ozone-
induced responses in Arabidopsis thaliana: the role of
salicylic acid in the accumulation of defense-related
transcripts and induced resistance. Proc Natl Acad Sci
U S A 93:5099-5104

Shirasu K, Lahaye T, Tan M-W, Zhou F, Azevedo C,
Schulze-Lefert P (1999) A novel class of eukaryotic
zinc-binding proteins is required for disease resistance
signaling in barley and development in C. elegans.
Cell 99:355-366

Smirnoff N (1998) Plant resistance to environmental
stress. Curr Opin Biotechnol 09:214-219

Spiteller G (2003) The relationship between cell wall,
lipid peroxidation, proliferation, senescence and cell
death. Physiol Plant 119:05-18

Stephen DWS, Rivers SL, Jamieson DJ (1995) The role of
the YAPI and YAP2 genes in the regulation of the
adaptive oxidative stress responses of Saccharomyces
cerevisiae. Mol Microbiol 16(415):423

Storz G, Imlay JA (1999) Oxidative stress. Curr Opin
Microbiol 02:188-196

Suzuki N, Koussevitzky S, Mittler R, Miller G (2011)
ROS and redox signaling in response to abiotic stress.
Plant Cell Environ. doi:10.1111/5.1365-3040.2011.
02336.x

Takahashi S, Murata N (2008) How do environmental
stresses accelerate photoinhibition? Trends Plant Sci
13:178-182

Takatsuji H (1999) Zinc finger proteins: the classical zinc
finger emerges in contemporary plant science. Plant
Mol Biol 39:1073-1078

Thompson JE, Legge RE, Barber RF (1987) Role of free
radicals in senescence and wounding. New Phytol
105:313-344

Vacca RA et al (2004) Reactive oxygen species, altera-
tion of cytosolic ascorbate peroxidase, and impair-
ment of mitochondrial metabolism are early events
in heat shock induced programmed cell death in
Tobacco Bright Yellow 2 cells. Plant Physiol 134(3):
100-1112

Varnova E, Van Brcusegem F, Dat J, Belles-Bolx E, Inzé
D (2002) The role of reactive oxygen species in signal
transduction In: Scheel D, Wasternac C (eds). Oxford
University Press, pp 41-73


http://dx.doi.org/10.3389/fpls.2012.00292
http://dx.doi.org/10.1111/j.1365-3040.2011.02336.x
http://dx.doi.org/10.1111/j.1365-3040.2011.02336.x

8 Reactive Oxygen Species-Associated Mechanism of Acclamatory Stress Tolerance, Signaling... 175

Varnova E, Langebartels C, Van Montague M, Inze D,
Van Camp W (2000) Oxidative stress, heat shock
and drought differentially affect expression of
a tobacco protein phosphatase 2C. J Exp Bot 51:
1763-1775

Wingate VPM, Lawton MA, Lamb CJ (1988) Glutathione
causes a massive and selective induction of plant
defense genes. Plant Physiol 87:206-211

Winston GW (1990) Physicochemical basis of free
radical formation in cells: production and defenses.

In: Smallwood W (ed) Stress responses in plants:
adaptation and acclimation mechanisms. Willey Liss
Inc, New York, pp 57-86

Woodson JD, Chory J (2008) Coordination of gene
expression between organellar and nuclear genomes.
Nat Rev Genet 09:383-395

Xu Q, Hui-Hua F, Gupta R, Luan S (1998) Molecular
characterization of a tyrosine-specific protein phos-
phatase encoded by a stress-responsive gene in
Arabidopsis. Plant Cell 10:849-857



Cyclic Nucleotide-Gated Channels:
Essential Signaling Components
in Plants for Fertilization

and Immunity Responses

Reiaz Ul Rehman

Abstract

The Cyclic Nucleotide-Gated Channels (CNGCs) in plants are responsible
for conducting mono and divalent cations such as Ca**, Pb**, Na*, and K*.
The CNGCs have been identified in different plant species, namely,
Arabidopsis thaliana where 20 have been genetically identified. They
express during different developmental stages of the plant organ, tissue, or
cell indicating the specificity in their function. The CNGCs have been
implicated in diverse responses in plants from stress tolerance (both biotic
and abiotic) to transpiration and fertilization. These responses in plants are
due to the presence of complex signaling network of which CNGCs are a
part. Thus far CNGCs were implicated in the hormone-mediated pathways
(GA, TIAA, ABA, JA) leading to developmental responses, NO-mediated
pathways leading to plant defense and immunity responses, and cyclic
nucleotides monophosphates (c(NMPs) and Calmodulin-mediated path-
ways leading to regulation of cation conduction into the cell. The cNMPs
and calcium acts as the secondary messenger in these signaling pathways
transducing the signal from the environment into the cell.

Keywords

Cyclic Nucleotide-Gated Channels (CNGCs) ¢ Calmodulin (CaM)
e CaM-binding domain (CaMBD) ¢ Cyclic nucleotide monophosphates
(cNMPs) ¢ “P-loop” channels

9.1 Introduction

The plant CNGCs belong to the family of cation
conducting channels which were first identified in
1998 (Schuurink et al. 1998). The family com-
prises of nonselective, monovalent and divalent
cation conducting channels (Kaplan et al. 2007,
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Table 9.1 Identified coding sequences of cation-conducting channels

Arabidopsis
thaliana CNGCs
AtCNGCl1
AtCNGC2

AtCNGC3
AtCNGC4

AtCNGC5
AtCNGC6
AtCNGC7

AtCNGC8

AtCNGC9
AtCNGC10

AtCNGCl11

AtCNGC12

AtCNGCI13
AtCNGC14
AtCNGC15
AtCNGC16

AtCNGC17
AtCNGC18

AtCNGC19

AtCNGC20

Accession No.

AT5G53130

AT5G15410

AT2G46430
AT5G54250

AT5G57940
AT2G23980
AT1G15990

AT1G19780

AT4G30560
AT1G01340

AT2G46440

AT2G46450

AT4G01010
AT2G24610
AT2G28260
AT3G48010

AT4G30360
AT5G14870

AT3G17690

AT3G17700

References

Sunkar et al. (2000)

and Ma et al. (2006)

Chan et al. (2003), Chaiwongsar
et al. (2009), and Clough

et al. (2000)

Gobert et al. (2006)

Miser et al. (2001), Moeder et al.
(2011), Balague et al. (2003),
and Jurkowski et al. (2004)

Tunc-Ozdemir et al. (2013)
and Bock et al. (2006)
Tunc-Ozdemir et al. (2013)
and Bock et al. (2006)
Tunc-Ozdemir et al. (2013)
Tunc-Ozdemir et al. (2013),
Guo et al. (2010), Borsics et al.
(2007), Li et al. (2005),

and Christopher et al. (2007)

Moeder et al. (2011), Urquhart et al.

(2011), Yoshioka et al. (2006),
and Urquhart et al. (2011)

Moeder et al. (2011), Urquhart et al.

(2011), Yoshioka et al. (2006),
and Urquhart et al. (2011)

Tunc-Ozdemir et al. (2013)
and Bock et al. (2006)

Tunc-Ozdemir et al. (2013),
Frietsch et al. (2007),

and Bock et al. (2006)

Mosher et al. (2010), Kugler et al.
(2009), and Urquhart (2010)

Kugler et al. (2009)
and Urquhart (2010)

Probable function
Metal tolerance

Plant development (dwarfism), fertility
Resistance to pathogens

Ton homeostasis

Slow growth and low fertility plant
immunity

Male gametophyte development
Male gametophyte development

Male gametophyte development
Male gametophyte development

Transports Ca**, Mg?* lower K* levels
starch accumulation

Root gravitropic and cell division and
growth

Plant defense
Synergistic roles in senescence

Plant defense
Synergistic roles in senescence

Male gametophyte development

Male gametophyte development

Salt stress responses
Pathogen response
Salt stress responses
Pathogen response

All CNGCs are PM localized; however, Zelman et al. (2012) proposes on basis of BLAST analysis that CNGC 20 may
be chloroplast localized. Based on Arabidopsis MIPS database, CNGCs contain putative signal peptide sequences
targeting to membrane, chloroplast, mitochondria, and secretory pathway (Reddy et al. 2002)

channels have been identified in the genome of
Arabidopsis thaliana. Out of these 56 coding
sequences of channels, 20 have been identified as
CNGCs Table 9.1 (Ward et al. 2009). The func-
tional characterization of CNGCs has been done

either by their expression in heterologous systems
or by the knockouts of particular CNGC to study
the mutant phenotypes (Talke et al. 2003; Ma et al.
2010). The CNGCs are present in many monocot
and dicot plant species besides Arabidopsis thali-
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Fig. 9.1 (a) Bacterial transmembrane channel with two
coils one P-pore. (b) Working model for plant Cyclic
Nucleotide-Gated Channels. When CN binds to the CNBD
of a CNGC, it opens the channel, and cations, such as Na*,
K*, Ca** and Pb*, can pass through the pore subjected to
a selectivity filter (between S5 and S6). Following
increase in Ca* levels in the cytosol, Ca** binds to CaM,

ana. The screen for calmodulin (CaM)-binding
proteins in barley (Hordeum vulgare) led to identi-
fication of HvCBT1 (CaM-binding transporter) in
the aleurone plasma membranes (Schuurink et al.
1998). In tobacco (Nicotiana tobaccum), two
sequences NtCBP4 and NtCBP7 homologous to
HvCBT1 were identified (Arazi et al. 1999).
Further, the GenBank Blast queries revealed
CNGC like sequences in Oryza sativa, Phaseolus
vulgaris, and other plant species (Altschul et al.
1997). The presence of many CNGCs in plant spe-
cies belonging to same phylogenetic subgroups
points to their involvement in similar physiologi-
cal functions (Talke et al. 2003). The predicted
structure of plant CNGCs has revealed 6 trans-

and the Ca*-CaM complex binds to the CaMBS, presum-
ably preventing binding of CNs to the channel, leading to
its closure (After Kaplan et al. 2007). (¢) A representation
of the secondary structure of an animal Ca*" channel has
revealed that it is formed of one large polypeptide of four
repeats with each repeat having six transmembrane/one
pore structure

membrane domains (S1-S6), a pore domain
(between S5 and S6), and the C-terminal CNB
(cyclic nucleotide binding) domain and CaMB
(calmodulin-binding) domain (Fig. 9.1) (Demidchik
et al. 2002; Véry and Sentenac 2002; White et al.
2002), the CN-binding domain (CNBD) that partly
overlaps with a CaM-binding site (CaMBS)
(Kohler et al. 1999; Arazi et al. 2000; Kohler and
Neuhaus 2000). Although plant CNGCs show
similarities in amino acid sequence and overall
structure to the family of six membrane-spanning
domains K*-selective shaker family channels and
to animal nonselective cation CNGCs, they differ
in several key aspects. Firstly, in animal CNGCs,
the location of the CaMB region has been found to
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be at the N-termini (Liu et al. 1994; Grunwald
et al. 1998). Secondly, the pore sequence of plant
CNGCs does not contain the GYGD K*-selectivity
filter sequence nor does it contain the sequence of
the animal CNGC selectivity filter. Thus, the plant
CNGQC selectivity filter has unique properties in
sequence and in function (Hua et al. 2003a).
Therefore, plant CNGCs may differ from their ani-
mal counterparts in selectivity towards K*, Na*,
Ca?, and possibly towards other cations (Kaplan
et al. 2007).

The plants CNGCs are the members of the
superfamily “P-loop” of cation channels which
are present in all prokaryotes and eukaryotes
(Ward et al. 2009). Given that the “P-loop”
channels are present in all prokaryotes and
eukaryotes which are capable of conducting the
range of cations, it could be said that their evo-
lution took place very early for fulfilling the
cellular functions (Zhorov and Tikhonov 2004).
The bacterial (prokaryotic) cation channel poly-
peptide is comprised of two helices (M1 and
M?2) surrounding the membrane P-loop (pore
loop). While as there are six transmembrane
(TM) regions (S1-S6) formed by the polypep-
tide in animals and the plants (Eukaryotes), in
case of the plants, the “P-loop” is present
between the S5 and S6 region on the plasma
membrane (Hua et al. 2003b). The channels
have the N-terminal (amino) and C-terminal
(Carboxy) groups on the cytosolic side of the
membrane. The “P-Loop” is highly conserved
with a a helix, a turn, and a random coil (Zhorov
and Tikhonov 2004). The “P-loop” is oriented in
such a way on the membrane so as to form an
ion-conducting pathway, and it contains certain
amino acids which form the ion selective filter
(Ward et al. 2009). The quaternary structure in
animals has revealed that it is formed of four
repeat sections with each section containing six
transmembrane P-loop structure (Zhorov and
Tikhonov 2004). The mammalian CNGCs are
heterotetrameric (Kaupp and Seifert 2002), and
it was found that bovine CNGC was composed
of three CNGAIl and one CNGBI1 subunits
(Zhong et al. 2002). The genes encoding the
Ca?* conducting four repeat P-loop channels are
absent in plants (Zelman et al. 2012).
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The eukaryotic channels with six transmem-
brane P-loop structure are common to both
ligand-gated and the voltage-gated superfamilies
of channels (Miser et al. 2001). The voltage-
gated channel configuration changes lead to the
opening or closing of these channels in plants as
well as animals. The configuration change is
affected by the membrane potential (E,,), and the
closing of the channel leads to the blocking of
conductance (Zelman et al. 2012). The positively
charged amino acids in the S4 domain act as the
voltage sensors which respond to the E,, by alter-
ing the gating of the pore (Hua et al. 2003b). The
conductance through the pore can also take place
by the ligand gating which takes place by binding
of ligands at the N- or C-terminals present in the
cytosol (Biel 2009). The CNGCs in animals are
gated allosterically by cyclic nucleotides (cAMP
and or cGMP) and calmodulin (CaM). The bind-
ing of CaM in the presence of Ca’* to CaM-
binding domain (CaMBD) results in the closing
of the channel. CaM binding in animals takes
place at the N-terminal while in plants the CaM
binding takes place at the C-terminal (Kaplan
et al. 2007; Zelman et al. 2012). Furthermore, the
CNs can bind CNGCs on C-terminal. In animal
cells there are two types of channels whose con-
ductance is regulated by CNs (Biel 2009). One
class of the channels binds directly to CNs, and
the changes in E, have no effect on these.
However, the second class of channels is dependent
on E, i.e., they are hyperpolarization activated
and they bind to cyclic nucleotides. The binding
to CNis is said to increase the probability of open
channels at the particular E,, (Zelman et al. 2012).
The plant channels are also reported to posses the
hyperpolarization-activated voltage-gated chan-
nels (Hua et al. 2003b), but this operating mode
is not yet clear (Zelman et al. 2012). Additionally,
the plants and animals CNGCs contain cyclic
nucleotide-binding domains (CNBDs), but these
CNBDs are absent from the unicellular fungi
(Talke et al. 2003). Some structural aspects of
plant CNBDs are similar to that of bacterial
and animal analogs. It has been shown that in
the plants, CNBDs overlaps with the CaMBDs
close to the C-termini (Hua et al. 2003a). In the
bacterial CNGCs, the CaMBD sequence is absent
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(Cukkemane et al. 2011). However, in the ani-
mals, the CaMBD is located near the N-terminal
(Ungerer et al. 2011). CaM binds to CNGCs in
both animals and plant CNGCs to regulate con-
ductance (Kaplan et al. 2007; Zelman et al. 2012).
The CNBDs in plants have also been shown to
contain GAF domains which also bind to the
cyclic nucleotides. These GAFs were identified
in bacteria, yeast, humans, A. thaliana, and cya-
nobacteria (Aravind and Ponting 1997). GAF
domain can bind to cAMP, cGMP, and cNMP and
other small molecules (Bridges et al. 2005). The
CNBD of plant CNGCs are also present in K*
selective channels families called as “Shake like.”
The effect of CN on these K* selective channels
is different than that on CNGCs (Gaynard et al.
1996). The cNMPs elevation in the cytosol
reduces the conductance in K* selective channels
having CNBDs (Zelman et al. 2012), while in
plants the CNGCs channel elevation of cNMPs
activates these channels and increases the con-
ductance (Leng et al. 1999, 2002; Lemtiri-Chlieh
and Berkowitz 2004; Ali et al. 2007).

9.1.1 Interaction of Ca** and CNGCs

Ca?* is a pivotal secondary messenger in plant
cells and has a role in signaling cascade. The
transport of Ca?* across the membrane is regu-
lated during resting and signaling events which
are in term specified by particular physiological
response (McAinsh and Pittman 2009). In plant
cells Ca** is transported by channels belonging to
many gene families. These channels are of vari-
ous types such as Ca* permeable, P-type-
ATPases, and the H* antiporters. Among these
CNGCs belong to the Ca** permeable ion chan-
nels. These are nonselective cation channels
which have been characterized by various elec-
trophysiological and radio tracer methods
(Demidchik and Maathuis 2007; Roy et al. 2008).
The expression studies have revealed that there is
alteration in ion fluxes into tissues as well as their
accumulation in the tissues (Ali et al. 2007; Guo
et al. 2008). The heterologous expression of
some of the CNGCs have helped in detecting
Ca**, Na*, K* permeable ion channels. Further,

the mutants of certain members of CNGCs have
revealed the Ca?*-related phenotypes (Hampton
et al. 2005; Chin et al. 2009). The mutant lines of
CNGCI1 were reported to have reduction in Ca
uptake, while the mutant lines of CNGC2 were
shown to be hypersensitive towards the Ca** in
the growth medium (Chan et al. 2003; Ma et al.
2006). Upon mining of the PiiMS database, it
was revealed that two independent mutations of
AtCNGC2 showed an increase in shoot calcium
(Ca?*) and decrease in shoot potassium (K*) as
compared to the wild types. However, the type of
cell in which this increased Ca®* is stored is not
clear and it remains to be established if the poor
growth phenotype is due to the defective Ca**
signaling or due to the defective storage (Chan
et al. 2008).

9.1.2 cNMPsin Plants

The signal transduction is important for plants in
their development, control of metabolism, uptake
of nutrients, and responses to environment. The
external stimuli lead to the changes in concentra-
tion of second messengers within the cells.
Among the secondary messengers present in
plants are the cyclic nucleotide monophosphates
(cNMPs, cAMP, and cGMP) (Newton and Smith
2004). The cyclic nucleotide monophosphates
were initially discovered in animals. They have
been widely studied in animals and some pro-
karyotes, and their role in signaling has been
established (Donaldson et al. 2004; Newton and
Smith 2004). The enzymes responsible for syn-
thesis of cNMPs are adenyl/guanyl cyclases
(Moutinho et al. 2001; Ludidi and Gehring 2003).
Besides some specific phosphodiesterases
responsible for the cNMPs degradation have also
been reported (Newton and Smith 2004). The
cNMPs have been found in various parts of plants
and are known to regulate many processes, such
as the opening of stomata (Newton and Smith
2004), development of chloroplasts (Bowler et al.
1994), functioning of GA (Penson et al. 1996),
flux of cations (Maathuis and Sanders 2001;
Essah et al. 2003; Maathuis 2006; Rubio et al.
2007), and response to pathogens (Durner et al.
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Table 9.2 Functions of plant cNMPs in plants

Cyclic nucleotide
monophosphates (c(NMPs)

cGMP

Plant response

phosphorylation)

Protection against salt stress

NO-induced signals

Protection against salt and osmotic stress

Phytochrome signaling

Indole acetic acid-induced adventitious rooting
Gibberellic acid-induced gene expression

cAMP
Fertilization
Cell division (mitosis)

Pathogen response (hypersensitive response

to fungal elicitors)

NO-mediated activation for defense gene induction

1998; Ma et al. 2009). However, it was recently
reported that besides gibberellic acid (GA), other
plant hormones such as Indoleacetic acid (IAA),
abscisic acid (ABA), and jasmonic acid (JA) also
evoked the ¢cGMP changes in the cytoplasm
(Isner et al. 2012). The cGMP has been suggested
to have a role in phytochrome signal transduction
in anthocyanin biosynthesis pathway (Barnes
et al. 1995). This cGMP pathway was antagonis-
tic to phytochrome signaling mediated by cal-
cium/calmodulin pathway, and the genes
encoding the enzymes in these pathways are
attenuated by cGMP and Ca?* (Wu et al. 1996).
Furthermore, the microarray analysis has
revealed that approximately 1,000 genes
responded upon the treatment of cGMP indicat-
ing the modulation of transcription by cGMP
(Maathuis 2006). A recent study has revealed that
the hormone-induced cGMP signaling takes
place by protein phosphorylation. The phospho-
proteomic analysis in Arabidopsis thaliana root
microsomal protein showed that upon treatment
of ¢cGMP, 14 proteins were phosphorylated
within minutes (Isner et al. 2012). The role of
cNMPs in phytochrome signaling was reported
in Cyanobacterium (Ohmori and Okamoto 2004)
and photo transduction in retina of vertebrates.

Hormone-induced signals (protein

Pollen tube growth and reorientation
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The above reports point towards the evolutionary
conservation of cNMPs among the different
organisms (Kaplan et al. 2007). Table 9.2 depicts
some of the functions of plant cNMPs in plants.

9.2 Immune Responses of Plants

In nature plants are exposed to various stresses
and the biotic stress is one of them which pose
serious challenges. The biotic stresses are caused
by diversity of disease causing infectious micro-
organisms. Only certain microorganisms can
cause infections because plants possess various
preformed defense systems and the induced
defense responses. The initial line of induced
defense (immune system) in plants is called as
Microbe-associated Molecular Pattern, MAMPs,
and is activated by conserved molecules among
the pathogens (Zhang and Zhou 2010). The
pathogens on the other hand have been reported
to have evolved the effector proteins against this
initial response by the plants (Bent and Mackey
2007). Due to the presence of these arsenals by
the pathogens, the plants are believed to have
evolved the second line of defense which is even
stronger and is mediated by the expression of
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resistance (R) genes. The products of R genes
have a role in interacting or monitoring the effec-
tors from the pathogens (Bent and Mackey 2007).
The resistance impacted by the R gene is respon-
sible for developing the hypersensitive response
(HR) which is evident by the apoptosis-like cell
death in and around the point of entry of the
pathogen (Heath 2000). The HR response is not
necessarily required always for the pathogen
resistance, but it is followed by the salicylic acid
(SA) increase and the pathogenesis-related (PR)
genes induction (Clough et al. 2000; Jurkowski
et al. 2004; Vlot et al. 2008). The recognition of
pathogen leads to other defense response in the
form of a reactive oxygen species (ROS) produc-
tion (Torres 2010). Among the early responses
are also the changes in ion fluxes which include
influx of ions such as H* and Ca*" and efflux of
ions such as K* and CI~ (Atkinson et al. 1996).
Among the ions Ca?* is considered as the second
messenger responsible for the induction of
defense responses in plants (Moeder et al. 2011).
This is thought to be due to its elevation upon the
pathogen attack or the treatment of elicitors.
The Ca®* ions are also reported to activate oxidative
burst upon the treatment with elicitors (Sasabe
et al. 2000). They Ca** ions are also reported to
activate the induction (pathogen/elicitor-induced)
process of cell death (Atkinson et al. 1996;
Levine et al. 1996; Xu and Heath 1998; Sasabe
et al. 2000). The role of Ca>* ions has also been
thought to be in SA-induced PR gene expression
(Doke et al. 1996). Moreover, there are other
pathways which are controlled by ethylene (ET)
and Jasmonic acid (JA) (Pieterse and van Loon
1999; Glazebrook 2005), and there is a constant
cross talk among the SA and ET/JA hormonal
signaling pathways which are generally thought
to be antagonistic (Glazebrook 2005). Therefore,
the choice of plants among the either signaling
pathways would depend on the type of pathogen
attacking it (Glazebrook 2005; Spoel et al. 2007).
It is being said with certainty that the Ca*" ion
fluxes have the role in plant defense response
activations, and among these responses, ROS
induction and MAPK (mitogen-activated protein
kinases) activation have been ascribed to Ca>* ion
influx (Romeis et al. 1999; Kurusu et al. 2005;
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Ogasawara et al. 2008). There is not much
information about the identity of the channels
that generate the Ca?* ion fluxes after the patho-
gen recognition (Moeder et al. 2011).

9.2.1 CNGCs in Plant Immunity
It has been reported in Arabidopsis that there are
more than 150 cation transport proteins (Méser
et al. 2001), and among these are the TPC1 (two-
pore channel), GLRs (ionotrophic glutamate
receptors), and CNGCs (cyclic nucleotide-gated
ion channels) (Kurusu et al. 2005; Demidchik
and Maathuis 2007; Dietrich et al. 2010; Ali et al.
2007; Urquhart et al. 2007). So far, among the
channels, only CNGCs have emerged as the
strong candidate for Ca?* conduction in plant
immune responses (Moeder et al. 2011; Talke
et al. 2003; Kaplan et al. 2007). Out of the 20
family members of Arabidopsis thaliana CNGCs,
only four have been identified through mutant
screen to be involved in immunity responses.
The first one to be identified was dnd 1 (defense,
no death 1) so named because of the phenotype
which maintains the R-gene-mediated resistance
and reduce HR cell death (Yu et al. 1998). The dnd
1 mutant was later identified as the null mutant of
AtCNGC?2 (Clough et al. 2000). The dnd 1 mutant
plants also exhibit the elevation in SA, constitutive
expression of PR genes, and the increase in
resistance to Pseudomonas syringae and
Hyaloperonospora arabidopsidis (Yu et al. 1998;
Genger et al. 2008). The second and the third
mutant which were identified are him 1 (HR-lesion
mimic 1) and dnd 2 (defense no death 2). These
two were identified as the null mutants of the
AtCNGC4 (Yu et al. 2000; Balague et al. 2003;
Jurkowski et al. 2004). Further these mutants were
shown to exhibit the similar phenotypes to dnd 1
(Balague et al. 2003; Jurkowski et al. 2004). It was
also shown that the barley mutant nec 1 displayed
some features of dndl, him 1, and dnd 2 and had
mutation in homolog of AtCNGC4 (Rostoks et al.
2006). The double knock out mutants of the
AtCNGC2 and AtCNGC4 were reported to show
the additional phenotypic effects than the above
(Miser et al. 2001; Jurkowski et al. 2004).
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‘ PAMP/Pathogen ‘

H,0,

Plasma
Membrane

Fig. 9.2 Model of possible mechanisms in the plant
immune response signal transduction pathway. Pathogen
recognition by a receptor leads to the activation of nucleo-
tidyl cyclase (NC; localized on the plasma membrane or
in the cytosol) and a rise in the concentration of cyclic
nucleotide. The increase in the cyclic nucleotide concen-
tration results in the activation of the cyclic nucleotide-
gated ion channel (CNGC) and cytosolic Ca** elevation.
Ca* elevation increases the amount of Ca® bound to
calmodulin (CaM) (or CaM-like protein (CML)).
Ca?¥/CaM regulates the synthesis of downstream signaling
components (nitric oxide (NO) and hydrogen peroxide
(H,0,)), which are essential for the development of the

Subsequently, the fourth mutant which was identi-
fied was cpr22 (constitutive expressor of PR
genes22), a gain-of-function mutant (Yoshioka
et al. 2001, 2006). The phenotypes in this mutant
are also similar to dnd1 and dnd2/hIm1 (Yoshioka
et al. 2001). However, the induction of HR upon
infection with Pseudomonas syringae pv. Tomato
distinguishes it from the dndl and dnd2/hlml
(Yoshioka et al. 2006). The mutation cpr22 was
identified as a 3-kb deletion generating a chimeric
gene AtCNGC11/12 (Yoshioka et al. 2006; Baxter
et al. 2008). The cpr22 mutants showed lesion for-
mation and the T-DNA insertion knockout mutants

Inhibition of channe

hypersensitive response (HR). The increased amounts of
Ca*/CaM in the cytosol also compete with cyclic nucleo-
tide for binding to the CNGC, blocking further Ca** con-
ductance by the channel. The increase in Ca®* elevation
also results in the binding of Ca’*-dependent protein
kinase (CDPK) which can activate H,O, production
through regulation of NADPH oxidase activity. CaM,
CDPK, NO, and H,0, also play pivotal roles in activating
the expression of pathogen defense genes. In all cases,
arrows indicate activation unless noted otherwise. For
clarity, some arrows are shown with broken lines. PAMP
pathogen-associated molecular pattern, PDE phosphodi-
esterase, SOD superoxide dismutase

of AtCNGCI11 and AtCNGCI12 acted as the posi-
tive regulators of R gene mediated resistance
responses (Moeder et al. 2011; Yoshioka et al.
2006). Fig.9.2

9.3 CNGCs in Fertilization

9.3.1 Role of Ca**in Pollen

Calcium is an essentially important signaling
element which performs various physiological
and regulatory roles during fertilization processes
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in flowering plants. The calcium elevation is an
important indicator of the fertility in plants
(Ge et al. 2007). The calcium exists in three
forms in plants, viz., covalently bound, loosely
bound forming ionic bonding with anions, and
the free cytosolic form. The free cytosolic calcium
acts as an important secondary messenger in
signaling processes. In flowering plants the
calcium is required by the pollen for germination,
elongation, and reorientation.

There are large numbers of evidences which
reveal that cytoplasmic streaming is controlled
by Ca*". The streaming takes place normally at
basal levels, but when the Ca?* concentration
elevates to 1 pM or higher, it takes place rapidly
and is reversibly inhibited (Taylor and Hepler
1997). At higher levels of Ca**, the F-actin frag-
mentation takes place (Yokota et al. 1998) that
is the reason for non-visibility of thick micro-
filaments in tube apex. The actin-binding pro-
teins such as villin are responsible for the
inhibition and fragmentation activities (Vidali
et al. 2001). Furthermore the tube apex [Ca®*].
levels are also higher to the extent that it can
inhibit streaming which is brought about by
inhibiting myosin motor activity. Therefore this
activity of apical [Ca®"]. controlling the motion
by slowing or stopping the actin may conse-
quently help in regulating vesicle docking and
fusion at the plasma membrane. These activities
taking place at the tube apex have a very inti-
mate relationship with reorientation process in
the pollen tube. This has been demonstrated that
by altering [Ca®*]. at the tube apex, results in
change of growth axis towards the zone contain-
ing high [Ca®*]. (Malhé and Trewavas 1996).
The growth of the pollen tube depends primarily
on polarized exocytosis at growing tips, and
Ca?* is implicated in this process (Malh et al.
2000). When the fluorescent dye FM 1-43 was
used for measuring of endo-exocytosis in grow-
ing pollen tubes, the fluorescence hot spot was
visible at the apex (Camacho and Malh6 2003)
and eventually upon tube reorientation the fluo-
rescence hot spot changed at the dome to which
cell bending took place. These observations led
to suggestions that vesicle relocates and the
distribution of fusion events are asymmetric.
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The released cargo upon vesicle fusion is required
for new cell wall construction and growth which
includes elongation of the existing wall (Malhé
and Trewavas 1996). These results of [Ca**].
mapping suggests the regulatory role in cou-
pling in-between growth and endo-exocytosis.
Furthermore, work of Camacho and Malhé
(2003) suggests that cell growth process is not
fully dependent on Ca**-mediated stimulation of
exocytosis. Other mechanisms to regulate mem-
brane recycling and wall strength must be pres-
ent. The conformity to above results is provided
by Roy et al. (1999) who used the Yariv reagent,
an inhibitor of growth but has no effect on secre-
tion and thus suggesting that the role of Ca**-
dependent exocytosis is mainly for secreting the
cell wall components, and it works indepen-
dently of cell elongation. This explains why rise
in levels of apical Ca** only resulted in increase
in secretion and growth axis reorientation but
not high growth rates. The mechanisms regulat-
ing [Ca?*]. at pollen tube apex are still contro-
versial. Holdaway-Clarke et al. (1997) did a
study where they combined measurements of
[Ca?*], and Ca** fluxes to find apparent discrep-
ancies between internal Ca®* measurements and
external Ca?* fluxes. These fluxes were in order
of greater magnitude than what is needed for
supporting intracellular apical Ca?* gradient. On
the basis of these findings it was suggested that
cell wall could be acting as a buffer for Ca*.
The Pectin-methyl-esterases which are required
for cross-linking unesterified pectins have been
proposed to be controlling the availability of
binding sites for Ca?* on the cell wall. The above
hypothesis is challenged by apical [Ca**]. mea-
surements with aequorin (Messerli and Robinson
1997) which reveals that peak values are higher
in about one order of magnitude than previous
estimates that were taken by using Ca**-sensitive
dyes. An alternative explanation to these dif-
ferent studies is that [Ca*]. influx regulation
takes place by capacitative entry. Trewavas and
Malhé (1997) suggested that the activity of ion
channels in tip-growing cells might be regulated
by levels of intracellular Ca?* stores in a way that
when stores are at full capacity the plasma
membrane channels would close and vice versa.
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9.3.2 cNMPs in Pollen

The cloning of a putative adenyl cyclase in
pollen tubes has revealed motifs which are com-
mon to its fungal counterpart (Moutinho et al.
2001) as well as to proteins involved in disease
responses. There is a role of cAMP in such
responses (Cooke et al. 1994) and parallels have
been drawn between growth of pollen tube in the
style and the infection by fungal hypha. Although
the cDNA was not of full length, it had caused
cAMP accumulations upon expression in E. coli,
and it was shown complementing a catabolic
carbohydrate fermentation defect in an E. coli
cyaA mutant (Moutinho et al. 2001). The use of
antisense oligos against the above cDNA or the
antagonist treatment caused pollen tube growth
disruption which suggests that adenyl cyclase is
continually required for cAMP synthesis. This
was also supported by the imaging study employ-
ing an adenyl cyclase activator, forskolin, which
resulted in transient increase in cAMP, while an
adenyl cyclase activator dideoxyadenosine
resulted in temporary decline (Moutinho et al.
2001). These transitional changes in cAMP sug-
gest the presence in pollen tubes of the degrad-
ing enzymes such as phosphodiesterases. Cyclic
nucleotides were also found to play a role in con-
trolling ion homeostasis in plants, for example,
for the regulation of Ca’* levels the cAMP
appears to be involved (Volotovski et al. 1998).
The [Ca®']. transients were experienced by the
pollen tubes upon different treatments which
putatively affect the cAMP levels. The caged
release of ~1-2 pM cAMP declined the growth
rates temporarily and also resulted in reorienta-
tion of growth axis of the pollen tubes. At the
same time the elevation in [Ca®*], takes place in
the apex and not in subapical region. In contrast,
the application of cAMP externally resulted in the
growth arrest and elevation of [Ca**], in the both
apical and subapical regions. These effects sug-
gest the toxicity and ion flux perturbations in the
pollen tubes due to elevation of cAMP, and this
can be explained by the experimental evidence
revealing the small release of cAMP upon flash
photolysis. These findings suggest that cAMP
pathways role in reorientation of pollen tubes
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acting together with Ca** control. However, in an
experiment with membrane permeable cGMP,
when the microneedle was placed near the grow-
ing tip of pollen tube, it failed to cause and show
any response (Moutinho et al. 2001). Prado et al.
(2004) has suggested the role of cGMP in the
signaling cascade that is affecting growth regula-
tion. However, the use of drugs in this study was
shown disrupting the growth regulation, and this
pleiotropic response hindered the isolation and
specific testing of cGMP. Further tests and
studies are thus required for evaluating the
role of other CNs in pollen tube growth and
reorientation.

9.3.3 CNGCsin Pollen

A crucial aspect of the study of CNs signal trans-
duction is the identification and characterization
of CNs receptors, such as Cyclic Nucleotide-
Gated Channels (CNGCs) (Zagotta and
Siegelbaum 1996) and cyclic nucleotide-depen-
dent protein kinases (Shuster et al. 1985) that are
thought to mediate several effects of CNs. It is
well established that plant cells possess CNGCs
transporting several ions such as Na*, K*, or Ca**
(Gaynard et al. 1996; Li et al. 1994; Kurosaki
1997). The patch clamp experiments on meso-
phyll cells have revealed that by elevating cAMP
(but not cGMP) in a stepwise manner, there was
an increase in outward K* current only in the
presence of a phosphodiesterase inhibitor (Li
et al. 1994). Furthermore, in similar type of
study the outward K* current was inhibited upon
using protein kinase A peptide inhibitor. The
presence of an inward K* channel that is modu-
lated by cAMP was also shown (Kurosaki 1997),
and in Arabidopsis, it was shown that the two
specific KAT1 and AKT1 (inwardly rectifying
K* channels) channel activities were modulated
by cGMP (Gaynard et al. 1996). The Cyclic
Nucleotide-Gated Channels respond to both
cAMP and cGMP and are regulated by Ca** and
were detected in barley aleurone plasma mem-
branes (Schuurink et al. 1998), Arabidopsis
(Leng et al. 1999), and tobacco plasma mem-
branes (Arazi et al. 2000). It is a family with 20
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related genes in Arabidopsis. CNGCs contain six
putative membrane-spanning domains, a poten-
tial pore forming region between S5 and S6 and
a CN-binding domain (CNBD) that partly over-
laps with a CaM-binding site (CaMBS) in the
cytosolic C-terminal region (Leng et al. 1999;
Kohler et al. 1999; Arazi et al. 2000; Kohler and
Neuhaus 2000). Although plant CNGCs show
similarities in amino acid sequence and overall
structure to the family of six membrane-spanning
domains K*-selective shaker family channels
and to animal nonselective cation CNGCs, they
differ in several key aspects. First, the pore
sequence of plant CNGCs does not contain the
GYGD Kt-selectivity filter sequence nor does it
contain the sequence of the animal CNGC selec-
tivity filter. Thus, the plant CNGC selectivity fil-
ter has unique properties in sequence and in
function (Hua et al. 2003a). Therefore, plant
CNGCs may differ from their animal counter-
parts in selectivity towards K*, Na*, Ca**, and
possibly towards other cations (Kaplan et al.
2007). That CaM binds to CNGCs is quite clear
since several of the channels were isolated as a
result of screening for CaM-binding proteins.
Additionally, the use of a putative CaM-binding
domain was employed for identification with
two hybrid methods (with CaM as bait)
(Schuurink et al. 1998; Arazi et al. 2000). Direct
binding of CaM to the channel was measured
and the dissociation constant reported as § nM
(Arazi et al. 2000). Thus CNGCs can potentially
integrate signals from two intracellular transduc-
tion pathways, allowing cross talk between Ca*
and CN signaling pathways. Elimination of the
CaM and CN-binding region of the tobacco
NtCNGC increased tolerance to lead and attenu-
ated uptake of this metal (Arazi et al. 1999). A
similar effect was observed with AtCNGCI1
Arabidopsis mutant (Sunkar et al. 2000).
Overexpression of the CNGC rendered the plants
hypersensitive to lead with reduced sensitivity to
nickel, suggesting that the channel acts as a port
of entry for some metals. A direct demonstration
that CNs enabled transport of Ca** was obtained
when the Arabidopsis AtCNGC2 was expressed
in oocytes (Leng et al. 2002) and showed that it
would also complement a K* channel-deficient
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yeast (Leng et al. 1999); both CNs induced Ca**
elevation inside cells. The AtCNGC2 is an
inwardly rectifying channel that transports a
number of cations and is unlike the highly spe-
cific K* (e.g., KATI) channels previously
described (Leng et al. 2002); as well as trans-
porting Ca**, AtCNGC?2 is blocked by external
Ca.

Based on microarray profiling, it was indicated
that six CNGCs are expressed in mature pollen
and ten are expressed during pollen development
(Honys and Twell 2003); however, out of 20
CNGC:s in Arabidopsis thaliana, five have been
reported expressing in pollen (Takeuchi and
Higashiyama 2011). Among these Cyclic
Nucleotide-Gated Channels, CNGC18 has been
reported to be involved in pollen tube growth
(Frietsch et al. 2007; Chang et al. 2007) by possi-
bly relaying CN signal into flux of Ca?* and thus
generating a tip-focused gradient of intracellular
Ca?* (Frietsch et al. 2007). The use of reporter
gene construct p-glucuronidase showed tissue-
specific expression of AtCNGC18, and the histo-
chemical expression revealed its specific
expression in pollen grains. This study clearly
indicated the role of AtCNGCI18 in pollen tube
growth as the knockout mutants of CNGCI18
exhibited disrupted pollen tube growth (Frietsch
et al. 2007). However, recently we have identified
two more CNGCs involved in fertilization,
CNGC7 and CNGCS. Using reverse genetics,
cngc7 was shown to play a role in fertilization,
revealed by the short siliques/reduced seed set
phenotype found in two independent mutant
alleles. However, the roles these proteins plays are
not well understood. CNGC7 and CNGC8 show
strong homology, suggesting functional redun-
dancy. Functional redundancy was suspected due
to pollen lethality of double homozygous plants.
To uncover the potential role of CNGCs, the dou-
ble homozygous mutant lines were complimented
with either CNGC7 or CNGC8 GFP reporter con-
structs. The complemented lines were analyzed
regarding morphology and pollen vitality. The
GFP reporter constructs were used to assess the
proteins subcellular localization, pollen tube
growth in vivo, guidance, and reorientation
capacities. Along with slightly shorter siliques,
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seed set analysis showed a reduction in seed num-
ber at the base of the pistil, suggesting a reduction
in pollen tube growth potential or a deficiency in
tracking long distance tropism signals. We also
obtained data suggesting that the Ca®* levels in the
cngc7/cnge8 pollen tubes (expressing a cameleon
Ca-reporter constructs) were lower than in the
wild type. We further collected evidence for a par-
tial impairment of the reorientation capability of
the CNGC7 and CNGC8 mutant cells when grow-
ing under the influence of an external electrical
field. Taken together, our results identify CNGC7
and CNGCS as the second example of a CNGC
function that is required for successful fertiliza-
tion in Arabidopsis and provide the first genetic
evidence for partial functional redundancy among
CNGC:s in fertilization (Rehman et al. 2010). The
partial redundancy of CNGC7 and 8 and provid-
ing essential function in initiating the pollen tube
tip growth has been recently confirmed (Tunc-
Ozdemir et al. 2013).

9.4 Future Prospects

The CNGCs are responsible for cytosolic Ca**
conduction in plants during different signaling
responses such as the defense and fertilization.
Given the intricacy of signaling networks and the
cross talk between multiple pathways, there are
many questions which arise when we talk about
a particular pathway in relation to a particular
response. In the case of pathogen defense, it is
yet to be elucidated that how the pathogenic per-
ception is transduced into generation of cyclic
nucleotides and which genes are responsible for
the cyclic nucleotide synthesis during pathogenic
processes. Further, it is not yet clear about the
downstream events taking place in plants with the
CNGCs-mediated Ca®* rise in cells. In animals
the cytosolic Ca®* conductance takes place
through the CNGC channels which exist in het-
erotetrameric form. These channels have either
two or more than two CNGC genes encode for
their subunits. However, this phenomenon is not
yet clear in case of plants and how the polypep-
tides in plant CNGCs assemble to form the func-
tional Ca’* conducting inward channels. It has
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been suggested about the possibility of CNGCs
from plants acting like the CNGCs from animals,
and it has been argued that closely related CNGCs
in a particular pathway may be part of the same
CNGC or work together to form a same func-
tional CNGC channel. The examples in this
regard have been taken from the role of CNGC2
and CNGC4 which are similar, and the mutant
studies have shown similar phenotypes in terms
of HR impairment. Similarly in our case the two
closely related CNGC 7 and CNGC8 mutants
have shown similar phenotypes of pollen defects
which impair fertilization. The redundancy
shown in both cases may suggest them working
as a single unit for functional Ca*-conducting
channels. But there is much work to be done to
ascertain these complicated issues related to
signaling involving CNGC:s in plants.
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Abstract

World population is growing at a fast pace and is projected to reach 6.5 billion
by 2050. At the same time, numbers of changes that are occurring in regular
environmental parameters are posing threats to the agricultural productivity.
Thus, feeding 6.5 mouths would indeed be a huge challenge. Besides the
ever-growing human population and alterations in environmental scenarios,
reduction in the area of land used for agriculture, declination of crop produc-
tivity, overexploitation of bioresources, mal-agricultural practices, and dele-
terious abiotic environmental stresses are leading to ecological imbalance. To
reduce these losses scientists all over the world focus on novel strategies to
enhance crop production in order to meet the increasing food demand and
establish a balance among different ecological factors. The various abiotic
stress conditions such as cold, temperature, drought and salinity cause
noxious effects on plant growth and development ultimately affecting
the crop productivity. Among various abiotic stresses, cold stress is one of the
main environmental stresses that limits the crop productivity and geo-
graphical distribution of most valuable crop plants. However, plants show
remarkable developmental plasticity to survive in a continually changing
environment. Being sessile, plants have generated in the course of their
development proficient strategies of tremendous response to elude, tolerate,
or adapt to various types of environmental stress conditions including cold.
The acclimatization to various abiotic stress factors is largely dependent upon
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the activation of cascades of molecular channels involved in stress percep-
tion, signal transduction, and the expression of specific stress-related genes
and metabolites. Understanding the pathway mechanisms by which plants
recognize these stress signals and then transduce them to cellular machinery
in order to stimulate adaptive responses is of crucial importance to crop biol-
ogy. Here we summarize cold stress tolerance mechanism pathways in plants.
The main significant points discussed in this chapter include (a) adverse
effects of cold stress on plant physiochemical parameters, (b) sensing of cold
temperature and involvement of various signal transduction pathways, (c)
function of various compatible solutes or osmoprotectants, and (d) types and
functions of different cold-responsive genes and transcription factors (TFs)
involved in various cold stress tolerance mechanisms.

Keywords
Cold stress ¢ Cold sensors ® Signal transduction ¢ Transcription factors
* Metabolites
Abbreviations DRE Dehydration-responsive elements
DREB Dehydration-responsive element

ABA Abscisic acid binding

ABREs  ABA-responsive elements EBR 24-Epibrassinolide

ADC Arginine decarboxylase ERD Early responsive to dehydration

AFPs Antifreeze proteins EREBP Ethylene-responsive element-binding

BADH Betaine aldehyde dehydrogenase proteins

bHLC Basic helix-loop-helix GA Gibberellin

BL Brassinolide GB Glycine betaine

BRs Brassinosteroids GSA Glutamate semialdehyde

bZIP Basic leucine zipper HACC Hyperpolarization-activated Ca**

CaM Calmodulin channels

CaMK CaM-dependent protein kinases HSPs Heat shock proteins

CAMTA Calmodulin-binding transcription ICEI Inducer of CBF expression

activator KIN Cold induced

Cas Cold acclimation-specific genes LEA Late embryogenesis abundant

CBF C-repeat-binding factors LOV1 LONG VEGETATIVE PHASE 1

CBLs Calcineurin B-like proteins LTI Low-temperature induced

CDPKs  Calcium-dependent protein kinases ~ LTST Low-temperature-induced signal

CIPKs CBL-interacting protein kinases transduction

CMO Choline monooxygenase MAPKs Mitogen-activated protein kinases

co Choline oxidase NAD Nicotinamide adenine dinucleotide

COR Cold responsive OAT Orn-d-aminotransferase

CRT C-repeats OsCDPKI3  Oryza sativa CDPK13

CS Castasterone OsSPDS?2 Spermidine synthase gene

DACC Depolarization-activated Ca>* channels ~P5SCA 8-1-Pyrroline-5-carboxylate

DAG Diacylglycerol synthetase

DHN Dehydrin P5CDH P5C dehydrogenase

DNA Deoxyribonucleic acid P5SCR P5C reductase
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PA Polyamines

PIP2 Phosphatidylinositol 4, 5-bisphosphate

PLC Phospholipase-C

PLD Phospholipase-D

PR Pathogenesis related

ProDH  Proline dehydrogenase

RAB Responsive to abscisic acid

RACE Randomly amplified cDNA ends

RNA Ribonucleic acid

ROIs Reactive oxygen intermediates

ROS Reactive oxygen species

SAM S-adenosyl-1-methionine

SMDS  Spermidine synthase

SPMS  Spermine synthase

TFs Transcription factors

THPs Thermal hysteresis proteins

TPP Trehalose-6-phosphate phosphatase

TPS Trehalose phosphate synthase

W7 N-(6-Amonihexyl)-5-chloro-1-naphth-
alenesulfonamide hydrochloride

10.1 Introduction

Nature nurtures all living organisms by providing
suitable resources like air, water, temperature,
light, and soil. Organisms exhibit efficient growth
under optimal conditions of resources. However,
imbalance in these nutritional and environmental
factors forces the organisms to diversify their
habitats. As a mere fact, plants are sessile organ-
isms and hence cannot manage to escape from
such adverse circumstances to move and sustain
under suitable environment. The sessile nature of
plants has led to developing an ability in plants to
adapt to extrinsic, often calamitous environmen-
tal conditions. Plants might have abilities to
combat various abiotic stresses like cold, heat,
drought, salinity, light, etc., by various mecha-
nisms. Such mechanisms are associated with sig-
nal perception to gene response. The more is the
degree of adaptation and tolerance to stress in a
plant, the higher is the yield of the crop. Such
varieties which are attributed with a higher degree
of tolerance and better yield are preferred in
modern agriculture practices to encounter the
growing demands for human food. Any environ-
mental variations affecting crop productivity
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directly pertain to food security and the well-being
of the human population. Abiotic stresses pose
deleterious effects on crop productivity all over
the world contributing to huge food and eco-
nomic losses. At recent, these stresses are being
aggravated due to the effect of global warming,
imbalanced environment, and intensive agricul-
tural practices. Among the various abiotic
stresses, temperature is one of the most important
abiotic stresses that restrict the plant growth and
development, crop production, geographical dis-
tribution, and maturing season of many plant spe-
cies. According to numerous reports, significant
economic losses are caused annually by unfavor-
able temperature extremes and the increased fre-
quency, degree, and severity of heat waves. The
optimal growth temperature varies among spe-
cies. Temperature stresses experienced by plants
are generally categorized into three basic types
(Sham and Aly 2012). The first category consists
of frost tender plants, which have very little or no
freezing resistance. Such plants are very sensitive
to chilling conditions and thus cannot be cold
acclimated in due course of growth and develop-
ment. These chilling-sensitive plants show meta-
bolic dysfunctions at the exposure of temperatures
slightly below the optimum. The second category
includes plants that bear some tolerance to frost
resistance. These plants can tolerate various
amounts of exposure to subfreezing tempera-
tures. This category is characterized by a broad
range of freezing tolerance ranging from slightly
below freezing in broad-leafed summer annuals
to =30 °C in perennial grasses. Freezing toler-
ance in plants is determined by various factors
contributing collectively like stage of cold accli-
mation, rate and degree of temperature decline,
and the genotype. The third category includes
cold hardy plants generally temperate woody
species. These plants can tolerate harsh environ-
mental conditions after experiencing cold accli-
mation. Cold acclimation is a very complicated
process by which the plants become capable to
regulate and accommodate their metabolism to
cold and enhance freezing tolerance in response
to low nonfreezing temperature and thus able
to pursue growth and development too. Accli-
matization process involves alterations in various
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biochemical and metabolic features like enhanced
production and accumulation of compatible
solutes or osmolytes such as soluble sugars,
proteins, and low-molecular-weight nitrogenous
compounds. Besides, there is also an alteration in
fatty acid profile of membrane lipids (Walker
et al. 2010). Another feature of this process
involves a concerted regulation and expression of
a number of cold-inducible genes (Trischuk et al.
2006). Identification of the fundamental genes
that play a pivotal role in cold stress has thus
become an area of interest because such genes
find great application in genetic engineering to
develop plants that possess better tolerance to
cold temperature. Indeed, many of these genes
responsible for cold tolerance have been identi-
fied, cloned, and characterized in many plant
species (Thomashow 2001; Hakeem et al. 2012).
Besides, a number of cold-induced (KIN) pro-
teins also play a prominent role in acquiring
freezing tolerance in plants (Seki et al. 2002). At
a molecular level, plants respond to these abi-
otic stress conditions by reprogramming gene
expression which in turn results in the adjusted
metabolic alterations. Further, the effective modi-
fications are dependent upon proper signaling
during cold. Plants respond to these abiotic sig-
nals through a series of reactions which occur in
cascades and are generally termed as signal
transduction. These signal transduction pathways
form a link that connects sensing mechanism by
receptors and genetic response in terms of tran-
scripts, proteins, and metabolites. Plants encoun-
ter cold stress by activating signal transduction
cascades that ultimately check and regulate the
physiological and biochemical responses essen-
tial for acclimatization (Zhu 2002; Hakeem et al.
2012). The initial step in switching on of these
molecular responses is the recognition of the
stress signal as it is perceived and then to com-
municate the message about it through signal
transduction cascades. This signal is then trans-
duced downstream and results in the production
of second messengers including calcium, reactive
oxygen species (ROS), and inositol phosphates
which in turn modulate the intracellular calcium
level. The signal is passed in cascades through
various primary sensors which are localized in
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the membrane (Xiong et al. 2002) and are mainly
proteins. These sensory proteins in turn commu-
nicate with their corresponding partners often
initiating a phosphorylation cascade and target
the main stress-responsive genes or the transcrip-
tion factors (TFs) regulating these genes. The
products of these stress genes then ultimately
lead to plant adaptation and assist the plant to
sustain and surpass the adverse conditions. Thus,
the plant responds to these stresses as individual
cells and synergistically as a whole organism.
However, there is very little information known
regarding these cold sensors in plants, and details
of the early low-temperature signaling pathway
are lacking (Beck et al. 2007). Various potential
sensors in plants include calcium sensors,
G-protein-coupled receptors, ROS sensors,
Ca-dependent protein kinases (CDPKs), and
two-component histidine kinases (Klimecka and
Muszyniska 2007; Shao et al. 2007). Understanding
the different pathway mechanisms by which plants
transfer the signals to cellular machinery in order
to stimulate adaptive responses is of fundamental
importance to biology and thus finds immense
potential in genetic engineering to generate more
stress-tolerant plants just to cater to the needs of
growing population in terms of food, clothes,
wood, etc. Besides, there is an immediate need to
deeply understand the expression of these genes
and their involvement in cold signaling which
ultimately allow us to clarify the ways in which
plants adjust to the abiotic stress.

10.2 Adverse Effects of Cold
Stress

Cold stress is one of the primary abiotic stresses
that have a potential adverse effect on crop pro-
ductivity, quality, and postharvest life depending
upon the degree of severity, growth stage, and
exposure duration. Every individual plant has to
pass different growth stages and every stage is
completed optimally under a unique set of tem-
perature for proper development. However, a set
of temperature conditions which are favorable for
one species may not be suitable for other species.
Lowering of temperatures will thermodynamically
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reduce the kinetics of metabolic reactions.
Exposure to low temperatures will shift the ther-
modynamic equilibrium such that there will be
an increased likelihood that nonpolar side chain
of proteins will become exposed to the aqueous
medium of the cell. This will directly affect the
stability and the solubility of many globular pro-
teins (Siddiqui and Cavicchioli 2006). Such
changes lead to the perturbances in the stability
of proteins or protein complexes and also in plant
metabolic regulations found mainly in mem-
branes of cell, chloroplast, and mitochondrion.
Among different stages of plants, the seedling
stage is more susceptible to cold stress especially
chilling. Plants show different symptoms in
response to chilling stress such as desiccation,
osmotic imbalance, discoloration, tissue break-
down, accelerated senescence, ethylene produc-
tion, shortening of life span, and undergoing
decay at a faster rate due to leakage of plant
metabolites (Sharma et al. 2005) due to loss of
membrane permeability. Chilling has also been
known to cause disruption of deoxyribonucleic
acid (DNA) strands, lowered enzymatic activity
and specificity, rigidification of membranes,
destabilization of protein complexes, stabiliza-
tion of ribonucleic acid (RNA) secondary struc-
ture, production and accumulation of reactive
oxygen intermediates (ROIs), destruction of pho-
tosynthetic pigments, and leakage across mem-
branes (Nayyar et al. 2005). Chilling also affects
mitochondria as it causes its swelling and degen-
eration (Gutierrez et al. 1992). It also causes
matrix enlargement, shortening, and reduction in
number of cristae that often leads to an oxidative
phosphorylation reduction (Yin et al. 2009). Cold
stress also involves some qualitative as well as
quantitative fluctuation in membrane lipid com-
position (Matteucci et al. 2011). But the magni-
tude of fatty acid unsaturation and the content of
phospholipids enhance during cold acclimation.
Thus, membrane rigidness and thus stability
and population of receptor proteins are consid-
ered to play a pivotal role in cold perception.
Fluctuation in membrane rigidity is recognized
by various membrane proteins which act as pri-
mary sensors or regulators (Los and Murata
2004). Reactive oxygen species (ROS) formation
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during temperature stress also causes disruption
of electron flow in electron transfer chains and
thus disturbs the redox potential of various meta-
bolic pathways. Thus, ROS formation causes cel-
lular injuries and apoptosis which eventually
leads to death of plant due to impairment of pho-
tosystem II reaction center and membrane lipids
(Suzuki and Mittler 2006). The lipids present in
the membrane are generally composed of two
types of fatty acids which include unsaturated
(including mono- and polyunsaturated) as well as
saturated fatty acids. Generally during chilling
stress degeneration of membrane is caused by
severe cellular dehydration, associated with ice
crystal formation in intercellular locations. Thus,
the accretion of ice formation in the intracellular
spaces causes physical interruptions and wreck-
age of cells and tissues. Besides, the lipids con-
taining saturated fatty acids possess a unique
property, viz., they undergo solidification at a
higher temperature as compared to unsaturated
fatty acids. Thus, membrane fluidity is strongly
influenced by relative content of unsaturated
fatty acids (Steponkus et al. 1993). Therefore,
temperature plays a vital role in changing the
membrane dynamics from semifluid state to a
semicrystalline state and is termed as the transi-
tion temperature. Chilling-sensitive plants possess
higher transition temperature than chilling-
resistant plants due to higher proportion of
saturated fatty acid. However, the actual reason
of freeze-induced injury to plants is the ice
formation rather than low temperatures. This ice
formation in plants initially begins in the apo-
plastic spaces because of relatively lower solute
concentration (Fig. 10.1).

10.3 Response of Plants Towards
Cold Stress

The response of plants to any abiotic stress signal
is mediated by a cascade of reactions, collectively
termed as signal transduction. Abiotic stresses
trigger a multitude of physiological responses at
molecular level. The responses are complicated
and highly regulated, resulting in activation of
signaling pathways and genes encoding proteins
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Fig. 10.1 A schematic presentation of four-tier mecha-
nism of cold stress response and acquired tolerance in
plants. Cold tolerance is also known as cold hardening or
cold acclimatization and it is described as the develop-

that act directly in stress tolerance. To combat
such cold stress conditions, plants develop
multiple mechanisms, including the accumula-
tion of osmolyte molecules which include soluble
sugars, proteins, low-molecular-weight nitroge-
nous compounds, proline, and glycine betaine
(GB). Besides, there also occur changes in mem-
brane lipids, primary and secondary metabolite
composition, as well as changes in global gene
and protein expression (Lissarre et al. 2010).
Low-temperature-induced (LTI) signal transduc-
tion (LTST) has been elucidated in various steps:
(a) sensing of low temperature, (b) transduction of
signal into biochemical processes via secondary
messengers such as Ca?*, (c) activation/deactiva-
tion of kinases and phosphatases, (d) transduc-
tion of signals to the nucleus, (e) stimulation of

ment or increase in tolerance to cold temperatures over
time by means of adaptive and resistive cellular mecha-
nisms, which are stimulated in response to stressful cold
temperature conditions

particular genes in response to signal more
accurately cold acclimation-specific genes cas
genes, (f) expression of related transcripts, (g)
synthesis of tolerant proteins and associated
metabolites, and (h) improvement of freezing
tolerance (Monroy et al. 1998).

10.4 Role of Cold Stress Proteins

Broadly, the types of proteins expressed in
response to cold stress are antifreeze proteins
(AFPs), dehydrins (DHN), late embryogenesis
abundant (LEA) proteins, heat shock proteins
(HSPs), chaperonins, pathogenesis-related (PR)
proteins, and those related to transduction, tran-
scription regulation, and signaling pathways.
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10.4.1 Antifreeze Proteins (AFPs)

Antifreeze proteins (AFPs), another
LT-responsive gene family, were first observed
and characterized in polar fishes that dwell in
waters where the temperature usually varies
between —1 and —2 °C (DeVries 1971). Moreover,
these proteins have also been discovered in many
overwintering vascular plants (Venketesh and
Dayananda 2008). Interestingly, these proteins
get activated only after plants are exposed to low
temperatures (Yaish et al. 2006). The cold stress
proteins identified as -1, 3-glucanase-like pro-
teins, chitinase-like proteins, and thaumatin-like
proteins and as polygalacturonase inhibitor pro-
teins are synthesized in overwintering monocots
in response to cold stress conditions and show
better antifreeze activities (Seo et al. 2008).
These proteins are released in the apoplast of the
shoots including leaves and vegetative and repro-
ductive whorls and are present in relatively large
concentration (Antikainen et al. 1996) at these
locations. Since formation of ice crystals poses
serious threats associated with physical nonre-
versible damage, AFPs suppress the growth of an
ice crystal by inhibiting the aggregation of water
molecules to the growing faces of the crystal by a
non-colligative mechanism. Due to the non-
colligative nature of AFPs, these get adsorbed
onto the surface of ice crystals and retard their
growth proving beneficial in retention of cell
membrane fluidity. Thus, instead of forming a
single large ice crystal which causes fatal effects
to the cells, more but smaller and slower growing
crystals are formed. The antifreeze action of
these proteins is generally regulated by Ca** ions,
which are either discharged from pectin or bound
to specific proteins (Janskd et al. 2010). AFPs
also possess a unique property of lowering the
temperature that boosts freezing (ice crystal
growth) than the temperature that promotes thaw-
ing that is why such hysteresis-related proteins
are often considered as thermal hysteresis pro-
teins (THPs). As extracellular freezing can cause
cell dehydration, the down-regulation of aquapo-
rins (water channels that regulate water efflux)
may well be important for cold acclimation (Peng
et al. 2008). Thus, antifreezing proteins play an
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important and prominent role in plants by directly
interacting with ice and suppress freezing/
mechanical injury by retardation of growth and
recrystallization of ice (Griffith et al. 2005).
Thus, AFPs are induced under the freezing
temperatures and tend to interact with water to
curtail the chances of ice crystal formation due to
their special colligative properties.

10.4.2 Heat Shock Proteins (HSPs)

Heat shock proteins (HSPs) were earlier reported
to be induced under high temperature and are
playing thermo-protective roles. Though these
proteins are generally concerned with high tem-
peratures, numerous researchers proclaimed that
these proteins also exhibit response towards other
stresses too including low-temperature stress.
In case of peach, synthesis of Hsp70-like pro-
teins gets increased in response to cold stress
(Renaut et al. 2008). Similarly, in another study,
two members of the Hsp70 protein family that
are equivalent to the Arabidopsis chloroplast
Hsp70s were also found to be overexpressed at
5 °C. It has been revealed that these proteins play
an essential role to protect the organisms from
environmental stresses such as temperature stress
and maintain their homeostasis (Morimoto et al.
1994). These proteins are not so prominent in the
plants grown under favorable or optimum tem-
perature but become prominent in concentration
when plants are subjected to stress like heat
shock (Lindquist 1986; Finka et al. 2011).
Besides discovering the functions of HSPs,
numerous studies show that the primary structure
of HSPs is well conserved among all species
ranging from bacteria and other prokaryotes to
eukaryotes. The molecular size of HSPs varies,
all of which are characterized by binding to struc-
turally unstable proteins. These proteins are
involved in various metabolic and physiological
functions where they act as molecular chaper-
ones (Boston et al. 1996). It is now well evident
that HSPs/chaperones are responsible for
thermotolerance, translation, proper folding,
assemblage, and stabilization of proteins and
membranes and can assist in protein refolding



200

under stress conditions (Sarkar et al. 2009).
Further, these proteins also possess the ability to
maintain and assist with the pace of various bio-
chemical processes by means of maintenance or
reestablishment of protein in native conformation
and thus cellular homeostasis (Ahuja et al. 2010).
In eukaryotes six different families of HSPs have
been reported. These include HSP100, HSP90,
HSP70, HSP60, sHSPs (small HSPs) and the
Ubiquitin HSP8.5 group (Efeoglu 2009). HSPs
like HSP 100, HSP 90, HSP 70, HSP 60, and the
small HSPs (5 HSPs) are involved in protection
of metabolic modules and newly made proteins
from mis-folding and denaturation. A special
form of HSPs, protease-type HSPs, degrades pro-
teins that have been permanently damaged.
Integral HSPs are able to protect and resume
some aspects of cell components and metabolism
of temperature damage (Yan et al. 20006).

10.4.3 Dehydrins (DHN)

At recent, it has been revealed that increase in
level of hydrophilic proteins leads to the forma-
tion of amphipathic a-helix and is considered as
an excellent protective response of plants towards
cold stress (Eriksson et al. 2011). The dehydrin
(DHN) involves a cluster of heat-stable, glycine
or lysine-rich LEA proteins and gets stimulated
when exposed to stress conditions such as cold
stress that usually leads to dehydration. DHN has
a role in stabilization of membranes and protec-
tion of other proteins from denaturation due to
water loss induced by the stresses (Kosova et al.
2007; Bies-Etheve et al. 2008). Besides, DHN
also acts as an antioxidant and molecular shield
(Tunnacliffe and Wise 2007). Molecular mass of
DHN varies over a wide range from 9 to 200 kDa
and are thermostable in nature. Transgenic plants
overexpressing DHN show better tolerance to
low temperature than non-transgenic plants (Yin
et al. 2006). In recent past, by using microarray
technology the expression profile of some par-
ticular combination of genes encoding DHN pro-
teins furnishes positive evidences regarding
low-temperature and drought stress tolerance
(Tommasini et al. 2008). More recently, proteomic
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investigations on soybean root revealed the pro-
duction of DHN under drought stress (Alam et al.
2010). Zhang et al. (2010) reported that DHN
also enhances resistance of peach fruits to cold
stress. In barley, 13 DHN genes, dhnl to dhn 13,
have been reported to date. These proteins are
often termed as cold responsive (COR), LTI,
responsive to abscisic acid (RAB), KIN, or early
responsive to dehydration (ERD). Accumulation
of one of the cold-regulated chloroplast LEA III
protein, viz., wheat WCS19, in transgenic
Arabidopsis increased resistance to freezing
stress, thus suggesting that LEA TII proteins
enhanced freezing tolerance (NDong et al. 2002).
In one study a gene isolated from wheat
(WCor410) encoding a LEA II protein was intro-
duced in strawberry; the resulting transgenic
plant shows enhanced tolerance against freezing
and chilling stress after pretreatment with the
acclimatization process (Hara et al. 2003) for low
temperature. Structurally, DHN consists of three
domains which are highly conserved. These
domains are known as K, Y, and S segments
(Allagulova et al. 2003). Besides, the number and
order of the Y, S, and K segments define different
DHN subclasses: YnSKn, YnKn, SKn, Kn, and
KnS. Rorat (2006) reported that DHN-like SKn
and K-type are directly involved in cold acclima-
tion processes. Ubiquitous K-segment of DHNs
shows similarity to a class A2 amphipathic
a-helix, resembling the lipid-binding domain
found in apolipoproteins (Campbell and Close
1997). Group 2 LEA proteins or DHN (Pfam
00257) are also found in algae and share a
common K-segment present in one or several
copies. Many DHN also contains an S-segment
(polyserine stretch) that can undergo extensive
phosphorylation and a Y-domain (DEYGNP),
similar to the nucleotide-binding site of plant and
bacterial chaperones. These DHN proteins not
only exhibit a response to drought stress but also
to other stresses such as cold, salinity, and hor-
monal stress especially ABA and methyl jasmo-
nate. These DHNS also get accumulated in shoots
and roots during the process of cold adaptation,
especially in the plants tolerant to drought.
However, some of their roles are known but
several still remains to be worked out. However,
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DHN does not catalyze any biochemical reaction
in the metabolism. There are several reports
showing that DHN proteins behave like anti-
freeze or cryoprotective molecules (Bravo et al.
2003; Puhakainen et al. 2004). Besides the
abovementioned functions, they also play an
essential role as osmoregulators and free radical
scavengers in plants.

10.5 Role of Osmoprotectants

Accumulation of osmoprotectants is one of the
very common responses of plants to a number of
stresses which might otherwise imbalance osmo-
regulation. Similarly, during cold stress plants
accumulate various low-molecular-weight com-
patible solutes that help the plant to survive by
stabilization of proteins and membranes and con-
tribute to maintain osmotic pressure of a cell.
Such molecules are known as osmoprotectants or
osmolytes or compatible solutes. These various
molecules possess a short half-life period, i.e.,
they undergo a degeneration process once the
stress conditions are surpassed. However, these
osmolytes also serve as reservoir of nitrogen and
energy. Generally throughout the evolution
organisms living under extremely harsh environ-
mental conditions have developed a protective
mechanism by which they defend themselves
against these environmental stresses, but many of
the plants do not have the ability to combat such
harsh conditions. Therefore, they undergo severe
osmotic stress which results in detrimental modi-
fications in cellular components. It is believed
that osmoregulation would be the best approach
for abiotic stress tolerance, especially if osmo-
regulatory genes could be triggered in response
to drought, salinity, and high temperature
(Bhatnagar-Mathur et al. 2008). Besides plants,
other organisms also produce and accumulate
these compatible solutes, viz., glycerol in yeast
(Morales et al. 1990) and phytoplanktons (Ben-
Amotz and Avron 1979), ectoine in Halomonas,
trimethylamine N-oxide and urea in shallow-sea
animals (Yancey et al. 2002). The polyols pro-
duction such asglycerol, mannitol, sorbitol and
sucrose in response to various abiotic stress have
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been reported in algae and certain halophytic
plants (Yancey et al. 1982). Nelson et al. (1999)
reported that stress-tolerant common ice plant,
viz., Mesembryanthemum crystallinum, synthe-
sizes and accumulates some specialized polyols
like myoinositol, D-ononitol, and D-pinitol in the
cytosol in order to combat harsh environmental
conditions. These osmoprotectants include solu-
ble sugars (trehalose, raffinose, stachyose, and
saccharose), sugar alcohols (sorbitol, ribitol, and
inositol), and low-molecular-weight nitrogenous
compounds (i.e., proline and glycine betaine)
(Walker et al. 2010). These, in association with
DHN proteins, cold-regulated proteins (CORs),
and HSPs, act to stabilize both membrane phos-
pholipids and proteins, and cytoplasmic proteins;
maintain hydrophobic interactions and ion
homeostasis; and scavenge ROS; other solutes
released from the symplast serve to protect the
plasma membrane from ice adhesion and subse-
quent cell disruption (Chen and Murata 2008) of
plant cells.

10.5.1 Carbohydrates

Sugars play a central regulatory role in many
vital processes of photosynthetic plants besides
serving the energetic function and are considered
as important signals which regulate plant metab-
olism and development. It has been revealed that
carbohydrate metabolism exhibits better and
rapid low-temperature sensitivity than any photo-
synthetic pigments (Fernandez et al. 2012).
Sugars play multiplex role in cold stress signal-
ing as they are the efficient compatible solutes
that help the plant to conserve the water inside
cells, thus decreasing water accessibility for
nucleation in the apoplast (Ruelland et al. 2009;
Fernandez et al. 2010). In several studies it has
been described that during cold acclimation con-
centration of soluble sugars (trehalose) increases
dramatically including Arabidopsis (Miranda
et al. 2007). Transgenic Arabidopsis with modu-
lated sucrose level shows a direct relation
between cold-induced modulation of sucrose
metabolism and cold tolerance (Strand et al.
2003). The levels of sugar also increase during
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the process of cold acclimation under artificial
conditions (Hekneby et al. 2006). Studies con-
ducted with mechanical approaches reveal that
these carbohydrates stabilize the membranes by
intercommunicating with polar groups of phos-
pholipids and establishing hydrophobic bond
interaction with proteins thus shielding the native
structure and functioning state of membranes
including chloroplasts and mitochondria, which
are the major suppliers of active forms of oxygen.
Besides, carbohydrates also act as scavengers of
ROS. There is a close link between sugar signal-
ing and hormone signaling, which regulates the
growth, development, and stress response in
plants (Zeng et al. 2011). Various sugars involved
in maintenance and membrane integrity under
cold stress include trehalose, fructans, raffinose,
and sucrose.

10.5.1.1 Trehalose

Trehalose belongs to nonreducing disaccharides
consisting of two molecules of glucose linked by
an o, o (1-1) linkage that functions as a compat-
ible solute. It is an important osmoprotectant/car-
bohydrate reserve found in various organisms
like yeast, bacteria, fungi, insect, and vertebrates
(Fernandez et al. 2010). Recently, it has been
reported in a few desiccation-tolerant plants,
indicating its function in acclimatizing to water
stress because of its unique capacity to function
as water substitute on the surface of macromole-
cules. Flowers (2004) reported that it might play
an essential function in ROS scavenging and sig-
naling cascade. Biosynthesis of trehalose is a
two-step process and involves precursors like
glucose-6-phosphate and uridine diphosphoglu-
cose. The initial step involves the synthesis of
trehalose-6-phosphate catalyzed by the enzyme
trehalose-6-phosphate  synthase (TPS). The
resulting end product in turn is converted into tre-
halose by trehalose-6-phosphate phosphatase
(TPP). In plants, trehalose-6-phosphate concen-
tration is extremely controlled either by enzymes
that directly metabolize it or by trehalase, which
causes disruption of trehalose sugar. Trehalose
sugar has also a special property to stabilize cell
membrane whose fluidity diminishes during tem-
perature downshift. Both trehalose-6-phosphate
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phosphatase activity and trehalose concentration
were transiently increased after chilling (12 °C)
stress, confirming that brief stimulation of treha-
lose biosynthesis is involved in early chilling
stress response in rice (Pramanik and Imai 2005).
Recently, Zhu et al. (2007) reported that overex-
pression of TPP, an enzyme in rice plant, con-
ferred abiotic stress tolerance. Overexpression of
TPS, another enzyme for trehalose biosynthesis,
in rice also enhances environmental stress toler-
ance (Redillas et al. 2012).

10.5.1.2 Other Oligosaccharides

Besides trehalose, other oligosaccharides such as
raffinose, stachyose, verbascose, fructans, and
sucrose also provide greater application in pro-
viding resistance to plants against abiotic stresses
including cold stress. These saccharides also
show accumulation under stress conditions
(Usadel et al. 2008). Fructans are the energy
reserve resources in plants that can easily be cir-
culated during periods of limited energy supply.
The fructans find great application in cold stress
signaling pathways because of some special
unique properties like higher water solubility and
tolerance to crystallization at freezing tempera-
ture (Livingston et al. 2009). Fructans are synthe-
sized from its precursor, viz., sucrose, and the
enzyme involved in this process is fructosyl
transferase. The gene encoding the enzyme
namely, fructosyl transferase is responsible for
biosynthesis of fructans when introduced into
tobacco and rice plants; the resulting transgenic
plants show increased production of fructans
and thus enhance its cold tolerance capacity
(Kawakami et al. 2008). Besides acting as osmo-
protectants, fructans also play a pivotal role to
stabilize membranes by binding to the phosphate
and choline groups of membrane lipids. This sta-
bilization mechanism prevents membrane desic-
cation to enormous degree and water loss from
desiccated membranes (Valluru and Van den
Ende 2008). Moreover, fructans also stimulate
other molecules resulting in the formation of
alternate cryoprotectants (Valluru et al. 2008).
These oligosaccharides have great significance in
providing membrane protection and also possess
free radical scavenging activity (Nishizawa et al.
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2008). The gene OsUGE-1 is isolated from rice
which encodes a UDP-glucose 4-epimerase when
introduced in Arabidopsis; the transgenic plants
show an increased level of raffinose and thus pro-
vide much tolerance against freezing temperature
than wild species (Liu et al. 2007). During the
process of cold acclimation, the genes that encode
proteins responsible for synthesis of different
types of sugars like sucrose and raffinose which
are involved in various metabolisms such as
sugar transport (f-amylase and SUC synthase)
are accelerated in response to cold stress
(Rekarte-Cowie et al. 2008). Furthermore, these
sugar signaling molecules also control the expres-
sion of some COR genes like f-amylase (Kaplan
and Guy 2004).

10.6 Low-Molecular-Weight
Nitrogenous Compounds

Cold stress also results into an accumulation of
low-molecular-weight nitrogenous compounds
including proline, glycine betaine, and ectoine in
plants. However, these compounds are widely
induced in response to a number of stresses and
cold stress is not very uncommon in this aspect.

10.6.1 Proline

Proline is a proteinogenic a-imino acid which
plays an essential role in primary metabolism. It
plays some significant roles in plants such as
ROS scavenger and serves as a molecular chaper-
one to stabilize protein conformation (Szabados
and Savoure 2010) besides acting as an important
osmolyte in plants to mediate osmotic adjust-
ment. Further, proline might act as an inducer of
osmotic stress-related genes (Theocharis et al.
2011). Recently, Bashir et al. (2012) have shown
that higher accumulation of proline might be an
adaptation against stress to waive off the involve-
ment of S-containing amino acids into osmoregu-
lation rather involving them in synthesis of stress
proteins. Proline is also a potential inhibitor of
apoptosis, i.e., programmed cell death. Other
functions of proline include its ability to regulate
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cytosol acidity, maintain NAD*/NADH ratio, and
enhancement of photochemical activity of PSII
(Kishor et al. 2005). Proline synthesis might be
triggered by de novo synthesis or its decreased
degradation or both. However, there are some
opinions that it might be the degradation product
of proline-rich proteins which, however, needs
experimental support. Some work shows that
biosynthetic pathway of proline is regulated by
light and osmotic stress. However, its catabolism
is stimulated by dark as well as stress conditions
(Szabados and Savoure 2009). Biosynthesis of
proline takes place in the cytosol or chloroplast.
The precursor used for the synthesis of proline is
glutamate and ornithine. Recently, it has been
reported that there is an enhanced production of
proline synthesis and decreased degradation
when plants are subjected to stress conditions
like cold stress (Jonytiene et al. 2012). Glutamate
is changed to glutamate semialdehyde (GSA) by
an enzyme O-1-pyrroline-5-carboxylate synthe-
tase (PSCA). GSA in turn is converted to
pyrroline-5-carboxylate (P5SC) which is further
reduced by enzyme P5C-reductase (PSCR) to
proline. However, degradation of proline takes
place in mitochondria with the help of two
enzymes, viz., proline dehydrogenase (ProDH)
and P5C-dehydrogenase (PSCDH) and converted
to glutamate. The alternative precursor for pro-
line biosynthesis includes ornithine which is
transaminated by P5SC by Orn-d-aminotransferase
(OAT), an enzyme present in mitochondria
(Verbruggen and Hermans 2008). Nanjo et al.
(1999) produced transgenic Arabidopsis by
incorporating ProDH gene which encodes the
enzyme protein dehydrogenase using antisense
technology. The resulting transgenic plant shows
more accumulation of proline and better toler-
ance to freezing temperature. The production of
proline increases in low-temperature-insensitive
plants like A. thaliana when exposed to cold
stress. This shows a positive correlation between
endogenous protein production and cold stress
tolerance (Kaur et al. 2011). Interestingly, like in
tobacco plants an Arabidopsis does not accumu-
late proline concentration during heat stress;
however, induced proline concentration makes
plants more sensitive to heat (Lv et al. 2011).
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Recently, transgenic tobacco has been produced
in which overexpression of GK74 and GPR
results in the increased production of proline
(Stein et al. 2011). Thus, proline seems to play
roles under cold stress varying from osmoregula-
tion to radical quenching. It would further be
interesting if proline is found to mediate signal-
ing or serve as a signaling molecule during
cold stress.

10.6.2 Glycine Betaine

Glycine betaine (GB), another compatible solute
or osmoprotectant, is a quaternary ammonium
compound in which nitrogen is fully methylated.
It has been discovered in a number of life forms,
viz., bacteria, hemophilic archaebacteria, marine
invertebrates, and mammals. However, in case of
plants it is not universal (Chen and Murata 2011).
The most interesting feature of GB is that it is an
amphoteric compound and is electrically neutral
over a wide range of pH. It possesses higher
water solubility and capable to interact with
hydrophilic and hydrophobic regions of macro-
molecules (Sakamoto and Murata 2002). GB
helps the plants by behaving like a shield and
efficiently protects PSII, stabilizes thylakoidal
and other membranes, and mitigates oxidative
damage (Chen and Murata 2011). High concen-
tration of GB is found in the chloroplast where it
protects the thylakoid membrane and maintains
photosynthetic efficiency. However, at lower
concentration it maintains quaternary structure of
enzymes and complex proteins (Peleg et al. 2011)
helping in running of metabolism during cold.
One of the other important roles of GB is to sta-
bilize transcriptional and translational machiner-
ies. On biosynthetic aspects, choline and glycine
are the main precursors of GB and its synthesis
takes place in chloroplasts. Biosynthesis of GB
involves two steps and is catalyzed by different
enzymes, viz., choline monooxygenase (CMO)
which acts on choline and converts it into betaine
aldehyde and another enzyme betaine aldehyde
dehydrogenase (BADH) which converts betaine
aldehyde to betaine. There are two kinds of
BADH which are found in mangrove halophytes
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Avicennia marina and possess high efficiency
rate to convert betaine aldehyde to betaine
(Hibino et al. 2001). Recently, with the help of
genetic engineering, the genes encoding the
enzymes responsible for GB synthesis when
introduced into Arabidopsis and tobacco, the
transgenic plants accumulated GB in their cells
and built resistance against freezing tempera-
tures. This shows a positive correlation between
GB accumulation and abiotic stress tolerance
(Bansal et al. 2011). In another study, it has been
found that overexpression of the gene for
Arthrobacter choline oxidase (CO) causes an
accumulation of GB in plant cells of Arabidopsis
and tobacco and thus provides higher resistance
to stresses such as low and high temperature.
Chen et al. (2011) also reported that when GB is
exogenously supplied to plants, it enhances stress
tolerance in addition to helping growth and
survival.

10.6.3 Polyamines (PAs)

Polyamines (PAs) are low-molecular-weight ali-
phatic molecules and are positively charged at
cellular pH. PA is composed of two or more pri-
mary amino groups. These PAs play important
roles in various physiological processes like
flower, meristem, and gametophyte development
(Zhang et al. 2011b). Besides, they are also
involved in alleviating oxidative stress and
enhancing photochemical efficiency of PSII
(Kim et al. 2002; Hussain et al. 2011). During
stress conditions, PAs play a pivotal role as
secondary messengers and regulate various bio-
chemical and molecular processes (Alcdzar et al.
2010). PAs are biosynthesized from its precursor
putrescine. The putrescine is converted into
spermidine and spermine. This reaction is cata-
lyzed by two distinct enzymes, viz., spermidine
synthase (SMDS) and spermine synthase
(SPMS). Both enzymes utilize decarboxylated
S-adenosyl-1-methionine (SAM) as an amino-
propyl donor. Though very little information is
known regarding the involvement of PA in
cold stress (Gill and Tuteja 2010), it has been
reported that stress results in the production and



10 Signaling in Response to Cold Stress

accumulation of PA indicating its integral role in
stress tolerance (Liu et al. 2011a). Cuevas et al.
(2008) reported that plants combat any stress
conditions involving PA; the putrescine is syn-
thesized and modulates ABA biosynthesis at
transcriptional level. Thus, these PAs function as
signaling molecules for phytohormone biosyn-
thesis. It has been reported that when rice plant
is exposed to long-term chilling stress, spermi-
dine synthase gene OsSPDS2 gets upregulated
(Imai et al. 2004). Similarly, in case of Thlaspi
arvense, transcripts for SAM synthase get upreg-
ulated upon cold stress (Sharma et al. 2007).
Recently, Alet et al. (2011) observed that over-
expression of arginine decarboxylase (ADC) led
to higher production of putrescine and enhanced
its freezing tolerance. A cDNA clone of spermi-
dine synthase was prepared from Cucurbita fici-
folia, and the gene was then introduced into
Arabidopsis using CaMV35S promoter. The
resulting transgenic plant shows significant
enhancement in spermidine synthase activity
and spermidine content. Besides, the transgenic
plant shows better tolerance to freezing tempera-
tures and other abiotic stresses (Kasukabe et al.
2004). The levels of putrescine and spermidine
were found higher when wheat was subjected to
stresses like cold stress, osmotic stress, and ABA
stress. In addition to that, ABA treatment also
shows enhancement in levels of a polyamine,
cadaverine (Kovacs et al. 2010).

10.7 Role of Different Cold
Sensors in Signal
Transduction

Like other organisms plants also possess sensor
molecules which play indispensable role in
receiving different signals including for cold.
These signals are then passed and decoded into a
proper cellular message. However, to date very
little information is known regarding these sen-
sors. These protein-based sensors are generally
found in plasma membrane and detect confor-
mational change in microdomain of membrane.
The various potential cold sensors are described
below:
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10.7.1 Calcium Channels

Calcium plays an essential role in cold signal
transduction pathways. It is one of the most ubiq-
uitous cellular second messenger which acts as a
mediator of stimulus—response coupling in the
regulation of physiological process (Kudla et al.
2010). The calcium is stored in plastids usually in
the form of calcium-oxalate crystals. The first
response of plants towards cold stress involves
actin cytoskeletal rearrangement. This in turn
activates Ca?* channels and thus increases Ca*
levels. Three Ca**-gated ion channels exist in the
plasma membrane of plants. These include MCC,
the depolarization-activated ~Ca**  channel
(DACC), and the hyperpolarization-activated
Ca? channels (HACC) (Sanders et al. 2002).
Such channels possess unique features to detect
different physiochemical stimuli such as cold,
heat, and ABA (Carpaneto et al. 2007).

Ca?* channels present in the plasma membrane
and in intracellular membranes do not alone reg-
ulate the cytosolic Ca?* concentrations. The func-
tion of Ca*" sensors in transcription regulation is
interconnected to their subcellular localization
(nucleus or cytosol). For the CaMs, CMLs, and
CDPKs, localization is probably widespread
inside the cell (DeFalco et al. 2010). The cyto-
solic Ca?* levels are brought back to the resting
level by means of primary and secondary trans-
porters present in membrane. Active transport of
Ca?* is brought about by Ca?*/H* antiporters and
Ca?* ATPases, regulators of Ca** efflux from
cytosol, which modulate Ca?* concentrations in
the cytosol, load Ca?* into intracellular compart-
ments, and supply Ca** to organelles to support
metabolic reactions. Several genes encoding Ca**
ATPases have been cloned from Arabidopsis
(Sanders et al. 1999), but their function in cold
stress is not clear yet. However, Ca®* ATPase
activity enhances in winter rye leaves in response
to low-temperature stress (Puhakainen et al.
1999). A Ca*/H* antiporter gene has also been
isolated and characterized from Arabidopsis.
Transgenic tobacco plants overexpressing
Arabidopsis Ca**/H* antiporter gene exhibit sus-
ceptibility to cold stress indicating that antiporter
activity is pivotal for acclimatization to cold
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stress (Hirschi 1999). A major function of Ca*/
H* antiporters and Ca** ATPases may be to dis-
miss Ca** signals by restoring cytosolic Ca** lev-
els to pre-stimulus values (Sanders et al. 1999).
Both Ca** ATPase and Ca?*/H* antiporter seem to
be subject to regulation. However, the signals that
induce and control these efflux systems are
unknown. An elevation in Ca?* level in response
to low temperature results in rapid and temporary
closure of plasmodesmata which regulates cell-
to-cell transport of ions and small molecules
(Holdaway-Clarke et al. 2000). Taken together,
control of both influx and efflux systems of Ca**
in cold signaling is of equal importance allowing
sensitizing and desensitizing the cell for cold-
induced Ca®* signal, which acts as a second
messenger.

10.7.2 Phospholipases

Phospholipases also play an essential role as sen-
sor molecules in cold signaling pathways. To
enhance higher level of freezing tolerance, both
compositions of phospholipids and their interac-
tion with other proteins are important (De Palma
et al. 2008). The various phospholipases in plants
include phospholipase-C (PLC), phospholipase-
D (PLD), and phospholipase-A, (PLA2). One of
the unique features of phospholipase A, is that it
gets rapidly activated under cold stress, wound,
and other stresses besides other phospholipases
and mediates subsequent events for cold signal-
ing and cell protection (Chapman 1998). The
PLC is the common signaling pathway that accu-
mulates cytosolic Ca* levels. The PLC gets acti-
vated by means of various cell surface receptors
like G-protein-coupled receptors and receptor-
tyrosine kinases. PLC causes hydrolysis of phos-
phatidylinositol 4, 5-bisphosphate (PIP,) into IP;
and diacylglycerol (DAG) (Fig. 10.2). IP; and
DAG then act as second messenger. IP; releases
Ca?* from internal stores. It has been reported
that IP; shows rapid response to hyperosmotic
stress (Takahashi et al. 2001). PLD is involved to
participate in various stress signaling pathways.
This sensor acts as a structural and signaling link
between plasma membrane and the cytoskeleton
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Fig. 10.2 Role of PLC in response to cold stress in cell
suspension culture of Arabidopsis

in tobacco and Arabidopsis (Gardiner et al.
2003). PLD acts as an inhibitor of phosphatidic
acid which in turn controls the activity of some
particular cold-regulated (COR) genes (Vergnolle
et al. 2005). PLD catalyzes phospholipids such as
phosphatidylcholine, phosphatidylethanolamine,
or phosphatidylglycerol into phosphatidic acid. It
has been reported that in case of Arabidopsis cell
suspension culture, the cold stress leads to the
production of phosphatidylbutanol or phosphati-
dylethanol in the presence on n-butanol and etha-
nol, respectively (Ruelland et al. 2002). This
shows that PLD gets activated under cold stress.
Initially, the response to cold stress is very fast.
Twelve PLD isoforms have been identified in
Arabidopsis. Li et al. (2004) reported that overex-
pression of the gene that encodes PLD enhances
the plant capacity towards low-temperature
stress.

10.7.3 Histidine Kinases

The Arabidopsis genome possesses >600 RLK-
encoding genes, some of which are implicated in
the perception of environmental signals during
the life cycle of the sessile plants. Histidine
kinases are also membrane-localized kinases and
perceive osmotic stress and plant hormones
(Osakabe et al. 2013). The two-component histi-
dine kinases play an active role as low-
temperature sensors in plants. Several histidine
kinases have been cloned and shown to be impli-
cated in sensing hormonal and abiotic stresses
such as cold stress. A hybrid histidine kinase
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AtHKI has been cloned from Arabidopsis (Urao
et al. 1999). AtHK 1 has been found to be acceler-
ated in response to low temperature, high salinity,
and dehydration. Structurally AtHK1 contains
two hydrophobic transmembrane regions adja-
cent to a putative extracellular domain in the
N-terminal half, suggesting functional resem-
blance with the yeast osmosensor SLNI1. The
function of the ArHKI protein is to recognize
cold signal and then transduce it to the nucleus
through a series of phosphorylation cascades.

10.7.4 Receptor Kinases

Receptor-like kinases (RLKs) are transmem-
brane proteins with an N-terminal extracellular
domain and a C-terminal kinase domain. These
kinases are involved in various physiological and
developmental processes such as plant growth
and metabolic reactions and also participate in
various environmental stresses. RLKs recognize
extracellular signals at the cell surface and acti-
vate the downstream signaling pathway by phos-
phorylating specific target proteins (Tanaka et al.
2012). In Arabidopsis about 600 receptor-like
protein kinase (RLK) genes have been reported
(Tichtinsky et al. 2003). Among these, greater
than 400 are for transmembrane proteins with
C-terminal cytoplasmic serine/threonine kinase
domains and N-terminal extracellular domains.
They act as a putative low-temperature sensor.
The function of these membrane-spanning
domains is to transmit extracellular signals into
intracellular target molecules. A large portion is
found in a putative leucine-rich repeat (LRR)
subfamily of receptors. RPK1 is an Arabidopsis
LRR-RLK that is activated not only by ABA but
also by abiotic stresses, such as dehydration, high
salinity, and cold (Hong et al. 1997).

10.8 Cold Signal Transducers
in Plants

Calcium is considered as secondary messenger
that participates to play a main role in cold signal
transduction pathways (Klimecka and Muszyniska
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2007). When plants receive cold signal, calcium
gets accumulated in the cytosol that enables the
plant to resist future cold stress in an efficient
way. During cold stress Ca?* concentration
increases in cytosol by activation of ligand-
activated Ca?* channels. When cytosolic Ca*
level increases, it either gets diffused from the
cytosol or directly introduced into the nucleus in
response to stimuli. Inside the nucleus, it directly
interacts with TFs and regulates their activity
(Kim et al. 2009). The message of Ca®* signatures
is then decoded into proper cellular response by
means of specific Ca** decoders which regulates
gene expression. These different Ca?* signatures
can be distinguished on the basis of different
Ca*-binding proteins and protein kinases associ-
ated with it. In recent studies, it has been observed
that in Arabidopsis, when exposed to cold stress,
cytosolic Ca?* level increases rapidly. This is
mainly due to transient influx of Ca?* from extra-
cellular stores (Knight et al. 1996). Effective Ca*
signatures are generated only in specific tissues or
organs. For example, under cold stress Ca*
influxes occur in the whole plant, while in case of
drought stress, it is generated only in the roots
(Knight and Knight 2001). Through different
techniques, it has been observed that expression
of few KIN genes, viz., CRT/DRE-controlled
COR6 and KINI gene of Arabidopsis, is greatly
influenced by cytosolic Ca** level (Chinnusamy
et al. 2010). When Ca?* influx is blocked by some
Ca?* chelators (BAPTA) and Ca** blockers (La**),
expression of these cold-inducible genes (Casl5)
gets inhibited and thus reduces their ability to
cold stress. However, on treating cells with
A23187, a Ca** ionosphere, it shows rapid influx
of Ca* and thus enhances the Cas15 gene expres-
sion. Therefore, such cells resist the temperature
of about 25 °C (Monroy and Dhindsa 1995). A
transgenic Arabidopsis and tobacco was devel-
oped expressing Ca**-sensitive luminescent pro-
tein aequorin and shows rapid increment in
cytosolic Ca** level in response to cold stress.
This suggests that there is a unique signature of
the cytosolic Ca?* for various stresses. Reddy and
Reddy (2004) observed that there is a concrete
association KIN Ca?* influx and accumulation of
cold-induced transcripts. Generally, there are four
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Fig.10.3 Signal-induced transient influx of cellular calcium
([Ca?*] cyt and/or [Ca**] nuc) can regulate transcription by
different mechanisms. Elevated Ca®* levels result in its
binding to a Ca** sensor, which directly binds to specific
DNA sequences and modulates gene expression (a and b).
Activated calcium sensors (Ca**/CaM or Ca*/CML)
interact with DNA-binding proteins and modulate their
activity resulting in altered transcription (c). Finally, an
elevated level of calcium activates a protein kinase

types of calcium sensor proteins present in plants.
These include calmodulin (CaM), CaM domain-
containing protein kinases, calcineurin B-like
proteins (CBLs), and CBL-interacting protein
kinases (CIPKs). However, these sensors can be
categorized into two major classes. The first class
includes “relay sensors” such as CaM and calci-
neurin B-like proteins without any responder
domain. These relay sensors bind to Ca* and
undergo conformational changes which in turn
modulate the activity of various target proteins.
The second class includes “responders” such as
protein kinases and phospholipases which possess
effector domains through which the Ca?* signa-
tures are passed on to downstream targets
(Zeinolabedin and Seyyed 2012). This shows that
rise in cytosolic Ca?* alone or in combination with
CaM could stimulate these responders. The link
between calcium signaling and cold induction of
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(CDPK, CBK, and/or CCaMK) either directly or through
CaM or a protein phosphatase, which in turn phosphory-
lates or dephosphorylates a TF, respectively, resulting in
activation or repression of transcription (d to f). Solid
arrows indicate pathways with experimental evidence.
Pathways lacking evidence are represented by broken
arrows. Purple arrows indicate activation of gene expres-
sion; blue lines with a horizontal line represent repression
(Source: Reddy et al. 2011)
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the C-repeat-binding factor (CBF) pathway
reveals that CaM-binding transcription activator
(CAMTA) factor binds to a regulatory element of
CBF, promoter gene. As CAMTA being TFs, thus
they act directly in the transduction of cytosolic
Ca?* signals induced by low temperature into
downstream regulation of gene expression
(Doherty et al. 2009). Recently, Yang et al. (2010)
reported that a novel calcium/CaM gene CRLKI,
which regulates receptor-like kinases, was found
to play an essential role in cold stress (Fig. 10.3).

10.9 Components of Calcium
Signaling

Calcium is an essential second messenger in
plant signaling networks. Many environmental
and developmental stimuli induce an increase in
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cytosolic calcium to trigger different physiologi-
cal responses. The specificity of Ca?* signaling is
achieved by a combination of distinct calcium
signatures that are generated by specific calcium
channels, pumps and transporters, and diverse
calcium sensors that differ by their expression
pattern, sub-cellular localization, substrate speci-
ficities and calcium sensitivities. These Ca’*
signatures are received, recognized, decoded,
and transmitted to downstream responses by a
complex cascade of Ca*-binding proteins that
function as Ca** sensors. Plants possess an exten-
sive and complex array of such Ca?* sensors that
convey the information presented in the Ca’*
signatures into phosphorylation events, changes
in protein-protein interactions, or regulation of
gene expression. Prominent Ca?* sensors like
calmodulins (CaM), calmodulin-like proteins
(CMLs), calcium-dependent protein kinases
(CDPKs), calcineurin B-like proteins (CBLs), and
their interacting kinases (CIPKs) exist in complex
gene families and form intricate signaling net-
works in plants that are capable of robust and flexi-
ble information processing (Hashimoto and Kudla
2011). The various but important components of
calcium signaling would be discussed below.

10.9.1 Calcium-Dependent Protein

Kinases (CDPKs)

CDPKs belong to the class of plant protein kinases
which contain kinase domain and a Ca?*-binding
domain. These are serine/threonine-rich kinases
with a C-terminal CaM-like domain with up to
four EF-hand motifs that can directly bind Ca*.
These protein kinases are specifically expressed in
plants and considered as important sensors which
show a better response against abiotic stress
including cold (Klimecka and Muszyrniska 2007).
CDPKs play a duel role, viz., they act as Ca** sen-
sors as well as possess kinase activity. The various
subfamilies of CDPKs include CDPK, CCaMK
(Ca?* or Ca?/CaM-regulated kinases), CaMK
(CaM-dependent protein kinases), CRK (CDPK-
related kinases), and CIPKs. Many CDPKs are
found to be accelerated by cold stress in different
plants as these protein kinases serve as receptors
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for Ca* signal. In a study, when alfalfa cell sus-
pension culture was provided with W7, an antago-
nistic of CDPKs and CaM, the culture loses its
capacity to withstand cold stress (Monroy et al.
2007). Abbasi et al. (2004) described the role of
OsCDPK13 (Oryza sativa CDPK13) gene against
cold stress. In rice genome, 31 CDPK genes have
been identified. Ray et al. (2007) carried out an
extensive research analysis of CDPKs in rice; it
was found that OsCPK4, OsCPK35, and OsCPK13
(OsCPK7) get upregulated upon cold stress.
Besides, Hrabak et al. (2003) reported that in case
of Arabidopsis, there are 34 genes for CDPKs.
This indicates that activity of CDPKSs is regulated
by multigene families. It reveals that the gene
OsCDPK13 gets accelerated in response to cold
stress and gibberellin (GA) but suppressed by
drought, salinity, and ABA. The transcription of
the gene OsCPKI3 (OsCDPK?7) is induced by
chilling stress, but when the same condition are
provided to another gene OsCPK17, its transcrip-
tion gets downregulated (Wan et al. 2007). The
protein which is encoded by the gene OsCDPK13
is increased in 2-week-old leaf sheath and callus,
and when it was subjected to cold stress it gets
phosphorylated.

10.9.2 Mitogen-Activated Protein
Kinases (MAPKs)

MAP-kinase cascades also participate in cold
signal transduction and are encoded by a large
family of serine/threonine protein kinases (Saidi
et al. 2011). These MAP kinases are activated by
phosphorylation of the conserved threonine and
tyrosine residues that are located close to kinase
domain VIII in all MAPKs under the action of
MAPK kinases (MAPKK) which themselves are
phosphorylated by MAPKK kinases (MAPKKK),
raf and mos proteins (Fig. 10.4). A given dual-
specificity MAPKK can only activate a specific
MAPK and cannot functionally substitute other
MAPKKSs. A particular set of three functionally
interconnected protein kinases (MAPKKK-
MAPKKMAPK) forms the primary module of an
MAPK pathway. ROS which are produced during
metabolism is an integral part of cold signaling.
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Fig. 10.4 Simplified scheme for MAP kinase signal
transduction cascades. An extracellular signal is received
by a membrane-located receptor. The activation of the MAP
kinase module (MAPKKK activates MAPKK, activates
MAPK) by the receptor may occur via several intermediate

These reactive oxygen species (ROS) indirectly
activate the TFs by targeting the components of
MAP-kinase cascades. ROS such as H,0, may
alter calcium expression (signatures) and stimu-
late mitogen protein kinases (MAPK) and redox-
responsive TFs. It has been reported that ROS
activates a MAP-kinase cascade in Arabidopsis.
The cascade includes ANPI (MAPKKK)
AtMPK;, and AtMPK; and its positive regulator,
nucleoside diphosphate kinase 2 (Moon et al.
2003; Teige et al. 2004). Gene NPKI that is
homologue to ANPI was isolated from tobacco
plays an essential role in cold signaling (Kovtun
et al. 1998). Besides, this gene is also involved in
developmental processes. Moreover, Kovtun
et al. (2000) produce transgenic plants overex-
pressing ANPI and exhibiting extra resistance to

steps and by different routes. The active MAP kinase may
activate other protein kinases and phosphorylate cytoskel-
etal components or translocate to the nucleus and activate
TFs giving rise to expression of specific genes. Arrows
indicate activation

freezing, heat shock, and salt stress. The genome
of the widely studied plant Arabidopsis thaliana,
for example, encodes about 1,000 protein Ser/
Thr kinases, including about 60 MAPKs and
nearly 400 membrane-associated receptor kinases
that phosphorylate Ser or Thr residues; a variety
of protein phosphatases; scaffold proteins that
bring other proteins together in signaling com-
plexes; enzymes for the synthesis and degrada-
tion of cyclic nucleotides; and 100 or more ion
channels, including about 20 gated by cyclic
nucleotides. Knight and Knight (2001) described
three kinds of MAPKKKSs in Arabidopsis thali-
ana. These include (a) CTRI1, (b) ANP1-3, and
(c) AtMEKK. Among these, AtMEKK are
expressed in response to various abiotic stresses
including cold stress. Recent data reveals a
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positive role for MAPK-based signaling in stress-
induced proline accumulation (Zhang et al.
2011a). MAPK kinase ZmMKK4 promotes pro-
line as well as soluble sugar accumulation under
stress conditions (Kong et al. 2011). Various
genes that encode MAP kinases show upregula-
tion when subjected to cold stress such as AtPK6,
AtPK19, AtMPK3 (MAPK), and AtMPKKI
(MAPKKK) (Mizoguchi et al. 2010; Yoshida
et al. 2010). Another gene found in alfalfa is
homologue to MMK4 and also shows upregula-
tion when subjected to cold stress (Jonak et al.
1996). Recently, a MAPK that was stimulated by
heat shock (HAMK) was identified and was
found to be different from the cold-activated
MAPK (SAMK). It has been reported that activa-
tion of HAMK and SAMK was triggered by
apparent opposite changes in membrane fluidity
coupled with cytoskeletal remodeling, Ca*
influxes, and the action of Ca?*-dependent protein
kinases (CDPK). Recently, Wang et al. (2010)
reported that in maize ABA-induced production
of H,O, activates two other MAP kinases, viz.,
ZmMPK3 and ZmMPKS. Among these MAP
kinases, ZmMPK3 shows sensitivity to various
signaling molecules like jasmonic acid and sali-
cylic acid. Besides, it also gets activated by
means of various abiotic stresses such as cold,
drought, salinity, or UV light stresses. In another
study, the MAP-kinase gene found in rice, viz.,
OsMEK1, encodes MAPKK, and its transcripts
are induced in anthers by a 12 °C treatment for
48 h. OsMEKI induction is also observed in
shoots and roots of seedlings treated at 12 °C for
24 h. No OsMEK] induction is observed in seed-
lings treated at 4 °C (Wen et al. 2002).

10.10 Abscisic Acid (ABA)

Plants growing in temperate and frigid areas are
largely exposed to cold stress for comparatively
longer periods. However, at such regions too
plants have to complete their life cycles for their
progeny continuation. In the plants growing at
the said locations or during the times of facing
the winters, chilling and freezing temperature
produces numerous dysfunctions at the molecu-
lar level like membrane impairment, ROS forma-
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tion, protein denaturation and production, and
accumulation of toxic products. To counteract
such deleterious effects, plants develop various
mechanisms such as alteration of gene expression,
production of osmoprotectants, generation of
antioxidants, biosynthesis of phytohormones like
abscisic acid and ethylene jasmonic acid (Kang
and Saltveit 2001). ABA is considered as a cru-
cial signaling molecule that provides resistance
to plants against cold stress. The shielding mech-
anism of ABA against chilling stress is associ-
ated to its capability for stabilizing the water
status by enhancing root hydraulic conductivity
and stomatal closure, despite of the above facts;
ABA also induces and accumulates antioxidant
enzymes in order to slow down the ROS produc-
tion which is generated during low-temperature
stress. Besides, ABA also modulates polyamine
levels (Kumar et al. 2008; Liu et al. 2011a, b).
ABA is a small soluble molecule which is synthe-
sized in almost all cells, but it transports from roots
to shoots. Since production of ABA generally
occurs during stress conditions, it is considered as
a stress hormone (Mahajan and Tuteja 2005).
Further, this molecule moves comparatively
freely in plants which make it a desired candidate
as a secondary signaling agent. Cold stress also
enhances endogenous ABA concentration in plants
but to a much lesser extent. Exogenous application
of ABA to plants increases their freezing toler-
ance. This shows that many COR are also ABA
responsive (Rabbani et al. 2003). More than a
thousand types of genes responsible for cold stress
have been unraveled through transcriptomic ana-
lyzing techniques that are differentially regulated
by ABA, and these ABA-mediated changes in
gene expression translate to dominant modifica-
tions in proteome expression.

10.11 Brassinosteroids (BRs)

Brassinosteroids (BRs) involve a group of poly-
hydroxy steroidal phytohormones (Hayat and
Ahmad 2011). These hormones are structurally
equivalent to animal and insect steroidal hormones.
BRs play key roles in growth and development,
germination, and senescence. Besides, BRs play
a crucial role in developing resistance in plants
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towards cold stress by promoting plant growth
and maintaining chlorophyll content. Besides,
the BR hormones also assist in developing toler-
ance to elevated temperatures by maintaining
protein synthesis machinery (Krishna 2003).
Among various natural BRs, brassinolide (BL) is
the first known biologically active phytohormone
(Fujioka and Yokota 2003). The first known BR,
viz., BL, was isolated from the pollen of Brassica
napus, and over forty other allied compounds
have now been recognized in different plant
extracts. Biosynthesis of BRs occurs through dif-
ferent metabolic pathways which include early or
late C-6 oxidation routes. The precursor for the
biosynthesis of BRs is campesterol which is ini-
tially transformed into campestanol. The campes-
tanol is further converted into castasterone (CS)
which in turn is converted into BL. Recently with
the help of proteomic analysis, the signal trans-
duction channels of BRs from receptor kinases to
diverse TFs have been illustrated and described
in detail (Kim et al. 2012). CYP90A2 gene iso-
lated from mung bean is involved in brassinolide
biosynthesis. This gene is strongly suppressed by
chilling stress and thus arrests the growth due to
lowering of BRs. However, exogenous applica-
tion of 24-epibrassinolide (EBR) causes plants to
recover its growth. It has been reported that in
Arabidopsis plantlets, when exposed to cold tem-
perature (2 °C) prior treated with 24-EBR, the
transcript accumulation of CBF1, LT78, and
COR47 was found higher than plantlets not
treated with EBR (Kagale et al. 2007) (Fig. 10.5).

10.12 Cold Stress and
Transcription Factors (TFs)

The process of acquiring tolerance to chilling
temperatures can be achieved by exposure of
plants to positive low temperature with gradual
duration. This process is known as cold acclima-
tion. However, it has also been reported that cold
acclimation is also achieved when plants are sub-
jected to stress conditions or treating by ABA.
This is due to the fact that these stress conditions
play a vital role to induce stress-related genes and
the product which provide tolerance against these
stress conditions. Various TFs that alleviate cold
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Brassinolide

Fig. 10.5 The structure of brassinolide, a commonly occur-
ring BR with high biological activity, showing numbered
positions. In natural BRs, hydroxylation can occur in ring A
at positions 3, and/or 2, and/or 1; also found are epoxidation
at 2-, 3-, or a 3-oxo-group. In ring B, alternatives are
6-oxo- and 6-deoxo- forms. In the side chain methyl-,
ethyl-, methylene-, ethylidene-, or nor-alkyl groups can
occur at 24-, and the 25-methyl series is also represent

signaling have been reported in Arabidopsis, and
several other homologues of these factors have
also been recorded in other plant species (Solanke
and Sharma 2008). Recently, it has been reported
that in the plant cells these TFs are already present
at normal growth temperature, but when plants
are subjected to cold stress, these recognize the
CBF promoters and induce their expression
(Zarka et al. 2003; Akhtar et al. 2012). Promoter
analysis of the cold-responsive genes (COR)
revealed that they contain dehydration-responsive
elements (DRE) or C-repeats (CRT) (Stockinger
et al. 1997). Akhtar et al. (2013) cloned and char-
acterized cold-inducible C-repeat-binding factor
genes from a highly cold-adapted ecotype of
Lepidium latifolium. Various COR genes (COR78/
RD29A, COR47, COR15a, and COR6.6) have
been reported from Arabidopsis that encode LEA-
like stress proteins. These genes are influenced by
cold signal, dehydration, or stress hormone ABA.
The expression of COR genes is regulated by both
ABA-independent and dependent pathways
(Chinnusamy et al. 2003) (Fig. 10.6).

10.12.1 CBF Pathway

Numerous TFs known as C-repeat-binding factors
(CBF) or DREBs that facilitate cold signaling
have been reported in Arabidopsis. These TFs act
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Fig. 10.6 Transcriptional regulation of cold-inducible
DREB/1s/CBFs in Arabidopsis. The activity of DREB1s/
CBFs is mainly regulated at the transcriptional level. The
transcription of DREB1s/CBFs is under the control of low-
temperature signals and circadian/light signals. Expressed
DREB1/CBF proteins bind to DRE/CRT and activate

as molecular switches to induce the expression of
specific genes responsible for cold, drought, and
other stresses, respectively. So, it is clear that
DRE-TFs are the main locus where different
stress-induced pathways converge. Thus, it is con-
cluded that DRE acts as a master TF and has the
ability to integrate the information gathered from
various stress stimuli. Moreover, due to this capa-
bility it plays a vital role in cross talk of stress

transcription of target cold-inducible genes, including
TF, and thus bring about transcriptomic changes, which
eventually cause cold stress responses. Ub ubiquitin, CaM
calmodulin, Myb Myb-recognition sequence, MYC MYC-
recognition sequence, EE evening element, CGCG
CGCG-Box, TFs TF (Mizoi et al. 2012)

signaling pathways. These TFs belong to the eth-
ylene-responsive  element-binding  proteins/
APETAL A2 (EREBP/AP2) family and DREB
subfamily (Chen et al. 2009). Subfamily DREB is
categorized into six subgroups, viz., A-1 to A-6.
Subgroup A-1 includes DREB1-/CBF-like genes
that are influenced by lower temperature and
stimulate the expression of various cold stress-
responsive (COR) genes. Subgroup A-2 includes
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DREB2-like genes and plays an essential role in
osmotic  stress-responsive  gene  expression
(Nakashima et al. 2009). Gilmour et al. (2004)
recorded three cold-inducible genes such as
CBF1/DREB1b, CBF2/DREBlc, and CBF3/
DREB|ain Arabidopsis. However, these C-repeat
(CRT)/dehydration-responsive element-binding
factor genes (CBF1-3) are transcription activators
involved in governing the plants response to low
temperature (Fernando et al. 2012). The cold
induction of CBF1-3 is repressed by STRS
proteins (RNA helicases) and ZAT12, a transcrip-
tional repressor. ZAT12 is itself induced by cold,
may be through an ICE-like protein. Besides, these
CRT/DRE elements comprise core conserved
sequence (CCGAC), which is responsible to
stimulate transcription under cold stress signals.
A-5 subgroup members such as PpDBFI,
GmDREB2, and GhDBF]1 find great application
in genetic engineering to enhance the stress
tolerance of crops. In several studies, it has been
recorded that ectopic overexpression of some
CBFs resulted in both activation of target genes
and improvement in freezing or dehydration
tolerance of transgenic plants (Haake et al. 2002).
Recently, one new member of A-5 subgroup of
DREB family was discovered and isolated from
soya bean with the help of RACE (Randomly
amplified cDNA ends) technique. This includes a
DREB orthologue, GmDREB3. By means of
Northern blotting technique, the expression of
GmDREBS3 in soya bean seedlings was stimu-
lated following cold stress exposure treatment for
0.5 h and was not observed after 3 h. The analysis
reports of GmDREB3 revealed that it could be
involved in the early cold response as compared to
DREB?2. In Arabidopsis RD29A gene was isolated
which has the capacity to provide tolerance
against cold and drought stress. In case of tomato
overexpression of CBF1 increases its chilling
tolerance by enhancing CATALASE I-gene-
expressing enzyme activity and oxidative stress
tolerance (Hsieh et al. 2002). Badawi et al. (2008)
identified several CBF genes that are classified
into 10 subgroups. Overexpression of At CBF1/3
enhanced tolerance against cold, drought, and
salt stress in Brassica species, wheat, and rice
(Oh et al. 2005).

T.B. Pirzadah et al.

Another TF termed as inducer of CBF
expression (/CET) that acts as a key receptor of
cold-induced gene expression 1is present
upstream of CBF. ICE1 is an MYC-type basic
helix-loop-helix (bHLC) TF that has the capa-
bility to bind with MYC-cis element in the
DREB1a/CBF3 promoter region and enhances
the expression of DREB1a/CBF3 which ulti-
mately stimulates the expression of various
downstream genes, leading to a significantly
increased resistance to chilling and freezing
temperatures (Chen et al. 2009). Constitutive
expression of CBFs and COR genes signifi-
cantly increases resistance in plants towards
cold stress. Recently, it has been revealed that
in case of heterologous Arabidopsis system the
overexpression of some wheat ICEI genes is
also involved in providing resistance against
freezing temperature. Icel mutant plants are
afflicted during cold acclimation and are defec-
tive in cold-regulating expression of CBF3 and
its target COR genes (Chinnusamy et al. 2003).
Besides, DREB1c/CBF2 negatively governs the
expression of DREB1b/CBF1 and DREBIla/
CBF3 (Novillo et al. 2004). Therefore,
Arabidopsis mutant cbf2 (suppressed CBF2/
DREBIc-gene) possesses superior quality to
tolerate freezing temperature than wild-type
ones before and after cold acclimation and is
found to be more resistant to other stresses such
as dehydration, cold, and salt stress. Another
R2R3-type MYB-TF, AtMYBI15, was also
found to communicate with ICE1. It is reported
that ICE1 negatively regulates MYB15 as indi-
cated from the increased MYBI15 transcript
level in icel mutants compared to wild-type
plants under cold stress. Recently, with the help
of forward genetic analysis in Arabidopsis, two
more TFs like osmotically responsive genes 9
(HOS9) and HOS 10 have been observed and are
essential for basal freezing temperature. The
HOS9 and HOS10 genes encode homeodomain
(present in nucleus) and an R2R3-type MYB
(AtMYBS8) TF, respectively. However, their
transcript levels are not cold responsive. Loss-
of-function mutations in these genes cause sub-
stantial decrement in basal and acquired
freezing temperature. Interestingly, the mutants
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show potent or earlier cold induction of several
CBF-target genes, like RD29A and CORIS5A,
but no effects are seen on the expression of
CBFs. It seems that HOSI0 could regulate
ABA-mediated cold acclimation (Chinnusamy
et al. 2007). LONG VEGETATIVE PHASE 1
(LOVI) encodes a NAC-domain TF. At 4 °C,
the expression of COR25 is enhanced in LOVI-
overexpressing plants but reduced in loss-of-
function lovl mutant. The expression at 4 °C of
the CBF genes does not seem affected either by
LOVI mutation or overexpression. Loss-of-
function lov1-4 plants are more susceptible to
freezing temperature than wild plants, while
plants overexpressing LOVI have a higher consti-
tutive freezing tolerance. Interestingly, LOVI
negatively regulates the expression of CONSTANS
(CO). co-2 mutants are also freezing tolerant.
This is consistent with the phenotype associated
with LOV1 overexpression and suggests that CO,
a well-known floral promoter, may also be
involved in freezing tolerance. However, whether
the effects of lovl mutation on COR15A expres-
sion and freezing tolerance occur through CO is
not known (Yoo et al. 2007). While LOVI posi-
tively regulates CORI5A expression, other TFs
have been identified that negatively regulate the
expression of CBF target genes. A comprehen-
sive account about structure, function, and roles
of CBF has recently been provided by Akhtar
et al. (2012).

10.12.2 ABA-Dependent Cold
Signal Pathway

When plants are subjected to stress-like condi-
tions such as low temperature, there is transient
accumulation of ABA concentration because of
the induction of freezing temperature and onset
of cold acclimation. ABA finds great application
in providing cold stress tolerance. However,
many researchers reported that cold stress does
not induce the synthesis of ABA but is primarily
produced and accumulated in response to other
stresses such as drought and high-salinity stress
(Shinozaki et al. 2003). It has been reported that
when plants are exogenously treated with abscisic
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acid at normal growth temperature, it enhances
the plant’s resistance towards chilling and freez-
ing stress. Besides, it also causes novel protein
synthesis and induction of a subset of cold-
responsive genes. Recently, through microarray
analysis it has been reported that CBFs govern
only about 12 % of the cold-responsive transcrip-
tome. Rest part of the cold-responsive genes
(COR) is controlled by non-CBF TF (Fowler and
Thomashow 2002). In the promoter region of
COR genes, there are ABA-responsive ele-
ments (ABREs). The major cis-acting element
are ABA-responsive elements with a consensus
sequence C/TACGTGGC that confers ABA
responsiveness to many genes when more than
one copy is present. Two ABRE motifs are impor-
tant in the ABA-responsive expression of the
Arabidopsis gene RD29B (Sakuma et al. 2002).
Uno et al. (2000) reported that the class of bZIP
TF, ABRE-binding proteins (AREBs or ABFs),
can bind to ABRE and induce ABA-dependent
gene expression. ABF-encoding genes (ABF1-4)
are themselves regulated by ABA and exhibit dif-
ferential regulation by various abiotic stresses;
ABF1 gets stimulated by cold, whereas ABF2
and ABF3 get stimulated by high salt concentra-
tion and ABF4 by cold, high-salinity, and drought
stress conditions. In case of ABA-deficient
mutant strains, viz., los5/aba3 of Arabidopsis, the
genetic analysis reports reveal that ABA plays an
essential role in regulating osmotic stress gene
expression. Besides, such mutant strains (also
named aba3/freezing sensitive 1 (frsl)) also
show higher susceptibility to freezing stress.
Chinnusamy et al. (2007) reported that one of
the mutant los5 plants shows a notable decrement
in the expression of cold and osmotic stress
induction of genes.

10.13 Biotechnological Approach
to Enhance Cold Resistance
in Plants

Biotechnology plays an essential role in devel-
oping novel pathways that can be used to
develop stress-tolerant plants. With the help of



216

genetic engineering, a large number of gene
encoding proteins have been isolated and
characterized that are involved in many stress
signaling pathways. The current focus of
research throughout the world involves novel
genetic engineering techniques to develop a
cold-resistant variety of plants. When plants are
subjected to cold stress, a sequential cascade of
genes are induced, the products of which may
either directly protect against stress or further
control the expression of other target genes.
Genetic engineering has unlocked many myste-
rious ways to enhance cold stress in plants by
the introduction or elimination of a gene or
genes that act as checkpoints to regulate a spe-
cific trait. These plants have one or more novel
genes from stranger or their wild relatives,
which overexpress and regulate the functioning
of metabolic process in a positive manner
against stressful temperatures. It also provides
unique opportunities for renovation in genetic
potential of plants in the form of development of
distinct crop varieties that are more resistant to
abiotic stresses with increased nutritional level.
The analysis of transgenic plants overexpress-
ing one or other genes provides us an under-
standing of basic mechanism of functioning of
stress genes during cold stress exposure (Tayal
et al. 2005). Table 10.1 shows the list of trans-
genic plants produced for cold stress. The cur-
rent challenges in developing cold-resistant
plants include:

e To identify and characterize the cold sensor
checkpoints and innovative signaling path-
ways responsible for abiotic stresses

e Understanding the basic cellular mechanism
of intercellular as well as intracellular interac-
tion among stresses

 Identification of the basic fundamental factors
that play an essential role between abiotic
stress responses and various developmental
processes

* To address how different environmental stress
signals are processed and communicated to
other parts of the plant body

T.B. Pirzadah et al.

10.14 Conclusion and Future
Perspective

The study of plant temperature interactions is of
great relevance with respect to the current global
climatic changes. The current review covers the
different mechanisms and crucial players of signal
transduction which the plant develops tolerance
against cold stress. Cold stress is a critical stress
factor limiting the productivity and distribution of
many plant and crop species. Low temperature is
initially recognized by plasma membrane either
due to modifications in membrane fluidity or with
the help of sensory proteins like Ca**-permeable
channels, histidine kinases, receptor kinases, and
phospholipases that finally lead to cytosolic Ca*
influx. These signals are then transduced to the
nucleus in order to switch on transcriptional cas-
cades. Thus, understanding the mechanism of dif-
ferent signaling networks; role of TF, genes, and
their products in regulating cold stress response;
and cross talk among various signaling compo-
nents should remain an area of intense research
activity in the near future. As every abiotic stress
involves multigenic traits therefore, a multi-inter-
disciplinary approach involving physiological and
biochemical analyses aided by proteomic- and
genomic-based platforms should be followed in
order to develop novel methods of analysis just to
acquire better knowledge of gene expression. The
information gathered through these studies finds
great application in genetic engineering to develop
transgenic plants that possess better tolerance to
various abiotic stress conditions without showing
any growth and yield penalty. Future research for
acquiring the cold stress tolerance would greatly
be based on utilization of high-throughput tech-
niques developed in recent times, in combination
with conventional genetic and breeding protocols
and techniques. The clues that we have in hand
need to be further evaluated to extract exhaustive
information regarding the structure, function, and
mobilization of cold stress-tolerant genes with an
eco-friendly manner to feed billions of mouths.
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Abstract

Among abiotic factors, salinity and drought stress affect every aspect of
plant from physiology to metabolic activities. Understanding of abiotic
stress responses and signal transduction to control adaptive pathways is a
crucial step in determining the plant resistance exposed to unfavorable
environments. Molecular and genomic findings have shown several
changes in gene expression profiling under drought and salt stresses in
plants. Numbers of transcription factors which are accountable for induc-
ing stress-responsive genes have been documented. To survive in adverse
condition, plants have stress-specific and adaptive responses which pro-
vide them necessary protection. Although, there are several signaling
pathways and stress-responsive perceptions, some of which are definite in
function, while others may have cross talk. Expressions of a large number
of transcripts and genes are induced by these abiotic stresses in plants
which facilitate stress tolerance and stress response. Recently, progress
has been made in investigating the complex cascades of gene expression in
stress responses. Knowledge about plant stress signaling is essential for
the development of transgenic and improving breeding strategies in crops
under stress environment. This chapter provides an outline of the common
features of stress signaling in plants with some current studies on the func-
tional analysis of signaling machineries under salt and drought stresses.
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11.1 Introduction

In response to human population growth, agriculture
faces a constant challenge to increase crop pro-
duction annually. Throughout the world salinity
and drought are responsible for much of the yield
decline in agricultural lands. Moreover, constant
salinization of arid and semiarid land is becoming
more widespread because of poor local irrigation
practices, thus decreasing the yield from formerly
productive land (Kaya et al. 2010). As land and
water resources become limiting, high-yielding
crops even in environmentally stressful conditions
will be essential. About 6 % of the world’s land
and 30 % of the world’s productive areas are
under salinity (UNESCO Water Portal 2007).
Further, the rapid change in global climate, which
is more than estimated (Intergovernmental Panel
on Climate Change 2007), seems to increase
dryness for the semiarid regions of the world
(Bates et al. 2008; Lehner et al. 2005). Therefore,
drought in concert with increasing population
will lead to irrational utilization of water
resources for crop production. It mostly affects
every aspect of the growth and metabolic activity
of plants and causes a significant reduction in
crop yield (Passioura 2007) equally as salinity
does. To avoid abiotic stresses, plant is dependent
upon the stimulation of molecular cascades
responsible for certain metabolites, stress percep-
tion, signal transduction, and controlling expression
of stress-responsive genes (Huang et al. 2012).
The physiological responses developed against
salinity and drought stress were found analogous
to each other as both of these stresses eventually
lead to osmotic imbalance of the cell. A general
response to salt and drought stress as a signaling
pathway is shown in Fig. 11.1. High salt and
drought stress show their impact on a plant cell
by disturbing the osmotic and ionic equilibrium.
Excess of Na* ions and osmotic imbalance cause
changes in turgor pressure, these cellular activi-
ties consider as the major triggers of the stress
signaling. These preliminary activities lead to a
chain of events, which can be further divided as
osmotic and ionic signaling pathways leading to
stress tolerance. Abiotic stress responses can be

F.Khan and K.R. Hakeem

noticed by stress in a form of injury such as
necrosis and chlorosis. This stress injury causes
its deleterious effect on cell division resulting in
retarded growth and plant productivity. Shedding
of the older leaves is also considered as one of the
stress-tolerant response. The possible reasons for
the injuries are high Na* toxicity, osmotic imbal-
ance, ROS generation, or due to the degradation
of plant cellular proteins and enzymes. To avoid
stress-related damages, plants activate certain
detoxifying processes, which consist of changes
in enzymes, chaperones, molecular proteinases,
gene synthesis of LEA/dehydrin for ROS
scavenging, and other metabolites (Table 11.1).
These processes control and restore stress-induced
damages and enhance plant stress tolerance.
Plant plasma membrane directly or indirectly
perceives environmental stress and plays a vital
role in the conduction of peripheral signals in
plant protection responses to initiate stress
signaling pathway. It is reported that physical
properties of cell membranes such as lipid and
fatty acid composition have the potential to sense
external stress (Lopez-Pérez et al. 2009). Rapid
advancement of molecular, transgenic, and func-
tional genomics, technologies collectively with the
accessibility of cDNA sequencing and gene
knockout mutants (Chinnusamy et al. 2004;
Yamaguchi-Shinozaki and Shinozaki 2006) have
facilitated significant progress in analyzing
molecular aspects of the drought and high salin-
ity responses in plants. Many proficient protec-
tion responses exist in plants that allow them to
perceive and adapt appropriately to a range of
stress signal. A number of stress-responsive genes
and gene products have been acknowledged
against drought and salinity stress. Recently, sev-
eral hundred genes have been identified that are
induced or subdued at the transcriptional as well
as proteomic levels when plants or plant parts are
subjected to drought and salinity (Mahajan and
Tuteja 2005; Miller et al. 2010; Hakeem et al.
2012a, 2013). It has been reported that under
multiple stresses, plants elicit distinctive and
complex responses regarding respiration, photo-
synthesis (Mittler 2006; Rizhsky et al. 2002;
Hakeem et al. 2012b), and signaling stress
(Okamoto et al. 2009). Therefore, the need to
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Salt and Drought stress

cell membrane sense the stress

and initiates the primary signalling

Receptors

(Calcium permeable channels)

|

l

Secondary Messengers

(Ca¥, ROS, InsP )

l Kinases/phosphotases

Ca®" sensors, and Ca®* activated proteinkinases

l

Transcription factors

(eg. CBF/DREB, ABF)

Stress responsive genes

(Hsp. LEA, COR)

Stress tolerance and resistance

Fig. 11.1 Signaling pathway for plant response to salt
and drought stress. The stress signal is sensed by the cell
membrane triggering the complex signaling cascade in

study such interactions under conditions mim-
icking nature is emphasized (Cimato et al. 2010).
Studies showed at molecular level, co-occurrence
of different stresses can generate the coactivation
of different response signaling pathways
(abscisic acid, ethylene, jasmonic acid, etc.)
(Mittler 2006). Nature has acquired different pro-
tective ways for avoiding and resisting unfavor-
able conditions, although some of the changes in
plants are clearly adaptive, others may have cross

plants. The signaling transduction induces stress-respon-
sive genes to provide stress resistance

talk with each other in response to the stress sig-
nals. These signaling pathways act in cooperation
to alleviate environmental stress. Knowledge of
these pathways is important because they may
provide suitable candidate which can be geneti-
cally exploit through plant breeding to advance
drought and salinity tolerance. In this chapter
several abiotic stress signaling pathways are
described with the latest research advances in
drought and salt stress signaling.
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Table 11.1 Response to the salt stress accumulating osmoprotectants and metabolites and there function(s) in

conferring tolerance

Product group Specific compound

Suggested functions

References

Tons Sodium chloride Osmotic adjustment Blumwald et al. (2000)
Potassium exclusion Hasegawa et al. (2000)
Protein Osmotin Radical detoxification Bohnert and Jensen
SOD, catalase (1996), Allen (1995),
Hernandez et al. (2000)
Amino acid Proline, ectoine Osmotic adjustment Khatkar and Kuhad (2000)
osmoprotectant
Sugars Glucose, fructose, sucrose ~ Osmotic adjustment Kerepesi and Galiba
(2000)
Carbon storage Bohnert and Jensen (1996)
Polyols Mannitol and pinitol Carbon storage, osmotic Bohnert et al. (1995)

adjustment, osmoprotectant

Radical scavenging

Quaternary amines  Glycine betaine

Pigments Carotenoids, anthocyanin,

betaines

11.2 Stress Signaling Pathways

To study stress adaptive responses, to study
adaptive responses, drought and salt signaling
transduction can be functionally grouped into
three categories: first, ion homeostasis, which is
generally significant to salinity and osmotic
adjustment; second, controlling stress damage
and toxic radical scavenging; and third, to
manage cell division and development against
stress conditions (Zhu 2001).

11.3 lon Homeostasis

Homeostasis is defined as the tendency of a cell
or an organism to maintain internal steady state
in response to any environmental perturbation or
stimulus tending to disturb normality. Hypersaline
environment, mostly mediated by high level of
NaCl, causing perturbation of steady ionic
state for NaCl and Cl- along with K* and Ca?*
(Niu et al. 1995). Plant cells regulate water rela-
tion imbalance through osmotic adjustment by
synthesizing compatible organic solutes and ion
accumulation. High NaCl concentration causes

Osmoprotectant
Protection against photoinhibition

Khan et al. (2002)
Foyer and Noctor (2005)
Adam et al. (1992)

the disturbance in the steady transport of Na* and
C1- ion and other ions, such as Ca?>* and K*
(Hasegawa et al. 2000). High concentration of
Na* and CI~ disturbs ionic equilibrium and ther-
modynamics of plant tissue resulting in ionic
imbalance hyperosmotic stress and toxicity.
Excess of Na* negatively affects intracellular
influx of K* ion and attenuates the acquisition of
this vital element. Intracellular K* and Na*
homeostasis is important for the actions of sev-
eral cytosolic enzymes and for maintaining
appropriate membrane potential across the cell
wall. Ton homeostasis is regulated by transmem-
brane proteins that mediate ion fluxes. It includes
H*-translocating ATPase and pyrophosphatases,
Ca?* ATPases, and secondary transporters (Sze
et al. 1999). Several transport proteins that medi-
ate K*, Na*, and CI- transport have been reported
on the basis of molecular studied. Dreyer et al.
(1999) identified functional complementation of
transport-deficient in yeast mutants. Excess NaCl
enhances the cytosolic Ca** accumulation which
consequently triggers stress responses. Thus, in
salinity and drought it is important for the plant
to maintain cellular ion homeostasis for normal
growth and metabolic functioning.
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Sodium Homeostasis and lon
Compartmentation

11.3.1

High Na* in the environment is of pronounced
agricultural significance as saline solutions impose
both ionic and osmotic stresses on plants. Na* ions
disturb K* uptake by root cells (Hasegawa
et al. 2000). Externally Na* is sensed by a cell
membrane receptor, while intracellular Na* is
perceived by membrane proteins or either by one,
from the several known Na*-sensitive cytoplasmic
enzymes. It has been reported that a plasma
membrane Na*/H* antiport activity of SOSI
(SALT OVERLY SENSITIVEI) stimulates
efflux of excess Na* ions and maintains Na* ion
homeostasis (Turkan and Demiral 2009). High
Na* accumulation in the leaf cell becomes toxic
to enzyme production (Hasegawa et al. 2000).
Excess of Na* results leaf necrosis in older leaves,
shortening the life time of individual leaves thus
resulting low productivity (Munns 2002). To pre-
vent tissue injuries, plant cell death and growth
retardation of unwanted Na* has to be removed or
follow ion compartmentation (Hasegawa et al.
2000). The pumping of the Na* ions in the
vacuole involves energy-dependent transportation
which alters vacuolar alkalization (Apse et al.
1999). Na* compartmentation in vacuole reduces
cytosolic levels of Na* ions and further facilitates
the energetically downhill influx across the plasma
membrane. A wide range of membrane transporters
assists plants with adaptable approaches to combat
external stresses. Phylogenetic study of full genome
sequence has shown a large number of putative
cation/H* antiporters in Arabidopsis (Maser et al.
2002). The finest examples of the cation exchangers
are the Ca?*H* and Na*/H*; they help in retaining
the cytosolic concentration of the cell by extruding
Ca? and Na*, respectively (Hepler 2005). Analogous
transport actions are found in plasma membrane
and cell organelles (Hepler 2005). In plants
the first cation exchanger for Na*/H* was found
in Arabidopsis (Gaxiola et al. 1999); these
exchanger include NHXs, AtNHXI, and AtNHX2
protein. Yokoi et al. (2002) observed the upregu-
lation of these protein exchangers under salt stress.
AtNHXNa*/H* antiporters also play a vital role in
Na* compartmentation (Blumwald et al. 2000).

231

AtNHX1 and AtNHX2 are localized in tonoplast,
the expression of these transcripts was found
upregulated under osmotic stress and ABA
(Yokoi et al. 2002). High salt level increases the
transcripts of vacuolar H*-ATPase components in
response to salt tolerance (Dietz et al. 2001).
Moreover, AtNHXI also plays an important
role in Na* storage in the vacuoles of root hair.
Since NHX is identified, the number of similar
transporters has massively increased. The large
number of DNA sequence-encoding NHX-like
proteins from more than 60 species including
dicot and monocots has been acknowledged in
the database of different gene banks.

11.3.2 Ca?* Homeostasis and
Secondary Messengers

During abiotic stress the mechanism of signal
perception remains unknown and may involve a
complex protein-protein interaction and molecule
signaling that usually increase or decrease in a
temporary, e.g., hormones, ROS, sugars, and Ca*.
Calcium functions as a secondary messenger
under various stress conditions and initiates cross
talk. Various studies have reported that drought
and high salt rapidly raise calcium levels in cells
(Pardo 2010). The resulting signaling pathway
activates numerous genes that play critical role
to sustain cellular homeostasis. Several Ca’*
sensors were implicated to be involved in drought
signaling. Sequential dynamics of Ca?* transients
in response to drought were studied revealing
increase in cytosolic Ca?* due to release of Ca*
from the vacuole and cell-type specificity of (Ca*)
transients (Kiegle et al. 2000). Study showed
increased intracellular Ca®* levels under salinity
stress. Zhu et al. (1998) have identified the deter-
minants of salt tolerance in Arabidopsis mutants
by applying molecular approach. This approach
was helpful in determining the genetic locus
which is essential for salt resistance. Arabidopsis
overexpress the ionotropic glutamate receptor
AtGluR2, which decreases the efficiency of Ca*
utilization, those plants become hypersensitive to
Na* and K* ionic stresses (Kim et al. 2001). One
of the Ca®* sensor is calcium-dependent protein
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kinases (CDPKs) which was reported to be drought
induced and the importance of CDPK isoforms in
facilitating the stress was demonstrated (Ozturk
et al. 2002). Another Ca** sensor is calmodulin
which is Ca’-binding protein stimulated by
increased calcium level. Calmodulin-binding
transcription factors were first reported in drought-
stressed Brassica napus (Bouche et al. 2002).
In Arabidopsis and rice (O. sativa), ABA-activated
calmodulins were observed and suggested as
harmful regulator of osmotic stress (Perruc et al.
2004). One more Ca*-binding protein is calcineurin
B-like protein (CBLs), and CBL1 was shown to be
the only drought-induced CBL (Kudla et al. 1999).
The studies have been conducted on annexins
which are a family of Ca**-dependent membrane-
binding proteins. It is evident that certain annexins
induced cytoplasmic Ca*" under abiotic stress and
their upregulation to tolerate osmotic stress is
also well recognized. Thus, abiotic stress excites the
Ca?* influx from the apoplast and cell vacuoles,
thus enhancing the level of cytosolic Ca**. The Ca*
ions then function as secondary messenger to
control K*/Na** selectivity and increases K* influx
(Xiong and Zhu 2001).

11.4 ROS Signaling and
Antioxidants

In plants reactive oxygen species (ROS) are
constantly produced as a result of different
metabolic pathways localized in different cell
compartments (Foyer and Harbinson 1994). ROS
is a collective term that describes the chemical
species that are generated upon incomplete
reduction of oxygen. Main ROS molecules are
hydroxyl radicals, singlet oxygen, superoxide
anion radicals, and hydrogen peroxide. ROS are
commonly generated during aerobic period of
photorespiration and photosynthesis (Kotchoni
et al. 2006). Under abiotic stress increase in these
molecules can also be noticed in peroxisomes
(Mittler 2002). During physiologically balanced
conditions, the ROS molecules are scavenged by
various components of antioxidative defense system
(Alscher et al. 1997). The balance among generation
and scavenging of ROS may be disturbed by a
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number of environmental conditions which
rapidly increases the intracellular levels of these
molecules (Tsugane et al. 1999). ROS function as
intracellular signaling molecules and control
stress damage, as showed by a number of studies.
It is investigated that transgenic plants with
higher ROS generation or mutants with more
ROS-scavenging capacity showed better stress
tolerance (Hasegawa et al. 2000; Kocsy et al. 2001).
The ROS molecules are extremely reactive and
highly energetic compound, they can perform
catalytic functions in the lack of cellular enzymes.
This property makes ROS molecule appropriate
to activate plant stress signaling (Foyer and
Noctor 2005). The major electron carriers such as
plastoquinone (PQ) or the electron acceptors
such as ferredoxin/thioredoxin along with ROS
are involved in the redox signaling. To eliminate
ROS, plants intrinsically develop different types
of antioxidants which can reduce oxidative
damage and confer drought and salt tolerance.
The ROS-scavenging mechanisms comprise of
enzymatic and nonenzymatic molecules.
Antioxidative enzymes such as SOD, CAT, POX,
GR, and APX are produced in subcellular organ-
elles with a highly oxidizing metabolic activity such
as mitochondria, chloroplasts, and peroxisomes to
overcome ROS toxicity (Mittler 2006; Foyer and
Noctor 2003; Miller et al. 2008; Ahmad et al.
2012). ABA accumulation induced by drought
stress activates the generation of ROS, which
leads to the upregulation of the antioxidant
defense mechanism in plants (Hu et al. 2005).
Free radical-mediated lipid peroxidation (MDA)
results in highly reactive and toxic aldehydes,
which are scavenged by either aldehyde dehydro-
genases or aldehyde reductases. There are several
studies evident of the involvement of these
enzymes in drought stress response (Sunkar et al.
2003). ROS are known as second messengers in
redox signaling and also involved in hormonal-
mediated actions (Foyer and Noctor 2003). It has
been reported that ABA induces the gene expres-
sion of some antioxidant enzymes such as
CAT, SOD, and APX (Park et al. 2004) and
also enhances the activities of these enzymes
in cell (Zhang 2003). Recently, it was demon-
strated that changes in the auxin substrate of a
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H,0O,-responsive enzyme involved in anthocy-
anin production facilitate drought resistance
(Tognetti et al. 2010). In another study, mutants
with decrease anthocyanin levels were more
drought tolerant (Huang et al. 2010). These data
support a role of anthocyanins, which are anti-
oxidants, in drought tolerance along with ROS
and phytohormones. The implicated molecules
include glutathione peroxidase and cellulase-
synthase-like protein (Zhu et al. 2010). Moreover,
squalene epoxidase implicated in sterol biosyn-
thesis was also reported to have a role in the
localization of NADPH oxidases essential for
regulation of ROS (Pose et al. 2009). Under high
salt environment, regulation of NaCl responses is
controlled by ROS. In Arabidopsis cells NaCl
stress comprising both ionic and osmotic stresses
has recently exhibit to induce development of
endosomes having high level of hydrogen perox-
ide (Leshem et al. 2007). ROS production has
been triggered within endosomes of Arabidopsis
root cells (Leshem et al. 2007). The recent studies
also suggest new vital regulatory roles of ROS in
intracellular trafficking through vesicles in addi-
tion to their role in retrograde stress signaling in
plants under abiotic stress (Miller et al. 2010).
ROS-scavenging enzymes have been involved in
signaling as well as their more customary role in
protection from oxidative stress in recent years
(Miller et al. 2010). In transgenic plants overpro-
duction of antioxidant enzymes has improved
drought and salt tolerance (Eltayeb et al. 2007,
Lu et al. 2007; Tseng et al. 2007). It seems that
integrated signaling networks are accountable for
the stimulation of transduction pathways.
Moreover, it has been also reported that while
some changes in ROS metabolism enhanced
resistance to stress, other changes caused
enhanced sensitivity (Miller et al. 2010).

11.5 SOS Regulatory Pathway

To combat abiotic stresses, numbers of signaling
pathways have been suggested, although not any is
recognized in terms of signaling proteins inputs
and outputs. Recently SOS pathway emerged as an
exception from the result of biochemical, genetic,
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and molecular analysis (Zhu 2001). Gene analysis
associated in salt resistance was commenced in
1998, by Liu and Zhu where numbers of mutants
were checked and through cloning SOS (salt
overly sensitive) genes were identified. SOS
pathway helps in eliminating excess Na* ions via
plasma membrane and Na*/H* antiporter which
assist in maintaining ion homeostasis in the cell.
Identification of SOS genes has broadened the
way for revelation of a unique pathway associated
with Ca* signaling in response to salt fluctuations
(Liu et al. 1998). SOS pathway consists of a
calcium-binding protein known as SOS3 which
senses cytosolic fluctuations in calcium, stimulated
by high salt. SOS3 also activates the protein
kinase, SOS2. SOS1, SOS3/SOS2 kinase complex
activates together and phosphorylates the transport
action of the plasma membrane. Besides the
transport function, SOS1 may also play a vital role
in regulating and sensing Na* ions. SOS2 gene
was isolated from Arabidopsis by the genetic
selection of hypersensitive salt mutants. High salt
concentration showed elevated SOS2 transcripts in
response to stress tolerance in Arabidopsis roots
(Liu et al. 2000). Moreover, SOS2 interacts with
vacuolar Na*/H* antiporter and considerably
controls the cationic (Na*/H*) exchange activity
(Qiu et al. 2002).

11.6 Protein Kinase Pathways
for Osmotic Stress Signaling

The role of protein phosphorylation in response
to osmotic has been proved experimentally
(Zhu 2001). Many protein kinases in plants have
been found activated in response to osmotic
stress. The illustrated osmosensing pathway
found in yeast (Gustin et al. 1988) created much
attention to investigate a similar pathway in
plants. In yeast the osmoregulatory pathways
initiate with SH3 domain having membrane
proteins which further activate MAP kinase
cascade and elevate the osmolyte accumulation in
the cell (Gustin et al. 1988). Under osmotic stress
the plant synthesizes and accumulates compatible
solutes for cellular adjustment. For synthesizing
osmolyte it is indistinct whether they utilize similar
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membrane sensors and MAP kinase cascades.
In plants several MAPKs (mitogen-activated
protein kinase) are stimulated against osmotic
stress. MAP kinase (46 kDa) named SIMK
(salt stress-inducible MAPK) found increased
in response to adequate osmotic stress in alfalfa
(Munnik et al. 1999). Hyperosmotic stress
activated a SIMK-like MAP kinase named SIPK
(salicylic acid-induced protein kinase) in tobacco
cells (Mikolajczyk et al. 2000). MAPK cascade
includes three protein kinases (MAPK, MAPKK,
and MAPKKK) which are activated by serial
phosphorylation. They result in specific localization
of the module in cell compartments, phosphory-
lation, and regulating transcription factors and
other proteins. A number of MAP kinases were
identified using sequence information in
Arabidopsis (Ichimura et al. 2002). Interestingly,
during hyperosmotic stress SIMK was not stimu-
lated and as an alternative a smaller kinase got
triggered which suggest that the two kinases
activated at different salt concentrations. Taking
into consideration the different studies showed that
one MAP kinase can respond to different stress
conditions and there are different numbers of
proposed and identified MAP kinases. From each
of the three categories, there should be a conver-
gence in the signaling of MAPK cascade, and it is
possible that different stress factors activate MAP
kinases to different levels (Bartels and Sunkar 2005).
SNF-1-like kinases, divided into three families,
SnRK1, SnRK2, and SnRK3, are another family
of protein kinases which are activated by the
phosphorylation of their serine or threonines
(Halford and Hardie 1998). In various plant species,
several SNF-1-like kinases were predicted and shown
to be expressed in response to dehydration or ABA,
including Arabidopsis OPEN STOMATA1 (OST1)
protein kinase (Bartels and Sunkar 2005).

11.7 Phospholipid Signaling

In plants phospholipid membrane plays an important
structural role. Environmental stress creates a
dynamic system that produces a number of signal
molecules, e.g., PA, IP3, and DAG. The signaling
of phospholipids is grouped on the basis of
phospholipases that catalyzes lipid production.
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Studies suggest that some novel signaling
pathways are involved in the production of lipid
messengers which are not the direct yields of
phospholipases. Examples of such lipid messen-
gers are phosphatidylinositol 3,5-bisphosphate
[PI(3,5)P2] and diacylglycerol pyrophosphate
(DGPP) (Munnik 2001). Acting as a secondary
messenger, phospholipase C (PLC) catalyzes the
hydrolysis of phosphatidylinositol 4, 5-bisphosphate
(PIP2) into IP3 and DAG. Under hyperosmotic
stress condition, the level of IP3 found increased
(DeWald et al. 2001). It is observed that osmotic
stress enhances the activity of phospholipase D
(PLD) in tomato and alfalfa (Frank et al.
2000). Phospholipase D found activated under
drought stress in Craterostigma plantagineum and
Arabidopsis (Katagiri et al. 2001). Plant PLD
activity was analyzed in drought-tolerant and
drought-sensitive cowpea cultivars; higher PLD
activity was found in the drought-sensitive culti-
vars (Maarouf et al. 1999). In response to hyperos-
motic stress, various plant systems showed rapid
increase of 1,4,5-trisphosphate (IP3) (Takahashi
et al. 2001; DeWald et al. 2001). According
to current hypothesis drought activation of
PLC leads to higher IP3 levels. A subsequent pH
release of Ca* to cytoplasm and triggering of K*
ion channels result in stomatal closure (Takahashi
et al. 2001). In Arabidopsis SAL1 belongs to the
latter group, and recently studies have supported
drought-tolerant SAL1 mutants as a negative
regulator in drought signaling pathways (Wilson
et al. 2009). In another recent study, an inositol
phosphate-lacking transgenic plant was gener-
ated by the expression of inositol polyphosphate
5-phosphatase (Perera et al. 2008) which showed
higher drought resistance. Several plant species
showed increase PLDs in response to induced
ABA and drought stress (El-Maarouf et al. 2001;
Frank et al. 2000; Katagiri et al. 2001).

11.8 ABA and Osmotic Stress
Signaling

In plants ABA is needed for various stress res-
ponses, comprising stomatal closure, metabolic
changes, and stress-responsive gene regulation.
During unfavorable conditions the endogenous
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ABA plays a vital role in stress-induced ABA-
dependent activities. ABA level varies widely
in response to environmental stress, especially
under drought and salinity. The level of ABA
synthesis and catabolic activities measured the
level of endogenous ABA. Lately, the molecular
source of ABA biosynthesis was determined by
genetic and biochemical approaches (Nambara
and Marion-Poll 2005). Another precursor of
ABA is xanthoxin which results from a direct
cleavage of C40 carotenoids; this reaction is con-
sidered as a vital step in ABA biosynthesis. ABA
is an important phytohormone and has wide
range of action including plant growth and devel-
opment. One of the main functions of ABA is to
regulate osmotic stress plant maintain water bal-
ance. This role can be best justified by plant
mutants that are unable to synthesize ABA. In
Arabidopsis a number of ABA deficient mutants
have been identified such as abal, aba2, and aba3
(Koornneef et al. 1998). ABA produced in the
roots is further carried to the shoots which cause
the stomatal closure and ultimately restricts cel-
lular growth of the plant (Wilkinson and Davies
2002). Drought and high salinity might cause
higher pH in xylem sap (Jia and Davies 2007),
resulting in modulation of stomata in response
to abiotic stresses. Several genes which can
synthesize ABA have now been reported, e.g., in
tobacco zeathanxin epoxidase known as ABA2
and in Arabidopsis ABAL: they catalyzes the
zeaxanthin and antheraxanthin to violaxanthin
(Marin et al. 1996). It has been studied that
induced ABA stomatal closure is moderately
dependant on activity of NADPH oxidase (Kwak
et al. 2003; Torres and Dangl 2005). It has been
studied that osmotic stress caused by salinity
or drought is conducted via two pathways. One
is dependent on ABA and the other is ABA
independent; genetic investigation found no
clear difference between ABA-dependent and
ABA-nondependent pathways, and therefore, the
mechanisms of this signaling may often have
cross talks (Xiong and Zhu 2001). Ca** which is
one of the essential elements and conferred to act
as a second messenger for several stress responses
mediates such cross talk. Studies have proved
that high salt, drought, and ABA increase intra-
cellular calcium in plants (Sanders et al. 2002).
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11.9 Transcriptional Signaling

Transcriptome profiling has acknowledged
number of gene-encoding transcription factors
that are either upregulated or downregulated by
multiple stresses. The expression of these tran-
scription factors provides us deeper insight in
understanding the stress tolerance mechanism.
Cheng et al. (2002) reported numbers of stress-
induced transcription factors for biotic and abi-
otic stresses in Arabidopsis. Among this group
approximately 20 genes were found upregulated
in response to osmotic stress and salinity.
Recently, gene expression profiling using gene
chips and cDNA microarrays has identified num-
ber of potential genes that are either upregulated
or downregulated under drought and salinity
(Bohnert and Cushman 2001; Seki et al. 2001).
Alterations in gene expression, in response to
drought and salinity, varies to the type and degree
of stress. Arabidopsis provided profound insights
of functional genomics related to multiple stress
response. Using 1,300 full-length clones (Seki
et al. 2001) and 7,000 full-length clone inserts
(Seki et al. 2002), multi-stress interactions in
response to abiotic stress were studied. The
study provided potential stress-induced genes in
response to salinity and drought stress. To study
abiotic stress treatments, multi-stress interactions
were studied by Kreps etal. (2002) in Arabidopsis.
The study provided the alterations in gene expres-
sion more than twofold over control for 2,409 out
of 8,100 genes in response to drought and high
salt. Under drought stress in chickpea roots, tran-
scripts were found twofold (STCa-8875; arginine
decarboxylase) and threefold (STCa-611; sper-
midine synthase) upregulated (Molina et al.
2008). The study showed a different influence of
drought stress on mechanisms of osmolyte accu-
mulation as an early stress response in chickpea
roots. Numbers of transcription factors which
belong to the EREBP/AP2 family bind to
DRE/CRT were identified and group as CBF1/
DREB1B, CBF2/DREBC, and CBF3/DREBI1A
(Liu et al. 1998). Analogous transcription factors
DREB2A and DREB2B that are induced under
hyperosmotic condition were also reported as
stress-responsive genes (Liu et al. 1998).
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11.10 Conclusion and
Perspectives

Salinity and drought stress signal transduction
has remained a major agriculture ambiguity until
now and regarded as complex network. Recently,
molecular biology has paved a way in identifying
some stress-related signaling element which widens
the knowledge of plant stress response. There are
several views of convergence and divergence
that facilitate stress signaling cascades. From this
chapter, we know that to overcome drought
and salinity, plants have stress-specific signaling
pathways. Plant stress conditions enhance the
production of ROS along with ABA accumulation,
which has been suggested to be key constituents
of cross tolerance to multiple types of stresses.
The oxidative stress was used to be considered
as a negative activity, but now observed as funda-
mental stress response which induces tolerance
mechanism. Signaling pathway such as SOS found
to play a critical function in regulating osmotic
stress, whereas there are cross talks between
MAPK cascade and ABA signaling pathway.
Though latest progresses have acknowledged
numerous transduction factors involved in stress
tolerance, there is an urgent need to fill the gaps
through wider application genetic engineering in
model plants. With the emerging powerful tools
such as genomics, transcriptomics, and proteomics,
advancement in understanding plant stress signal-
ing will positively increase and may provide better
insight of stress tolerance mechanism.
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Abstract

High temperature represents one of the most serious abiotic stress factors
limiting plant photosynthesis, biomass production, and crop productivity.
Photosynthetic apparatus is an important heat sensor in plants, sensing a
wide range of air temperatures, from moderate to extreme. In this chapter
we offer current knowledge on both photochemical and metabolic changes
occurring within the photosynthetic apparatus in conditions of heat stress
associated with signaling and stress response. The heat stress directly
affects the heat-sensitive sites, mainly oxygen-evolving complex of photo-
system II and Rubisco activase. It leads to subsequent indirect effects,
such as changes of the redox status of individual components on thylakoid
membrane in chloroplast and increase in production of reactive oxygen
species (ROS). Hence, the redox signaling plays the crucial role in
enhancement of alternative electron pathways such as cyclic electron
flow as well as triggering the signal transduction pathways resulting
to heat-stress response. The redox signaling in chloroplast is closely
associated with ROS signaling, which interferes with regulation also
out of chloroplast. The stress response involves mainly production of
specific proteins (mostly heat shock proteins or antioxidants) or protective
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compounds (osmoprotectants) leading to increase of thermostability of
sensitive sites or protection against ROS. Different signal molecules
contribute in photosynthesis-related heat-stress signaling pathways, such
as reactive oxygen species with hydrogen peroxide, nitric oxide, calcium,
and abscisic acid. The specific roles of cytokinins and isoprene in heat-
stress response are also reviewed.

Keywords

Heat stress * Photosynthesis ® Photosystem II ¢ Stress signaling ® Reactive

oxygen species

12.1 Introduction
Plants perform optimally only in a certain
temperature range, from quite narrow to a wide
range of temperatures, depending on their species
thermo-sensitivity. Increasing temperatures can
affect different vital functions of cells and
whole plants, such as enzyme activity, membrane
integrity, cell division, photosynthetic reactions,
growth, and productivity. As plants represent
the sessile organisms, which cannot escape
efficiently from heat stress, their metabolism
and physiology can adapt to counterbalance this
disadvantage (Mittler et al. 2012). Often they
acclimate to heat in the course of their life
cycle if pretreated by moderate heat stress,
which enhances their thermotolerance. As a part
of this acclimation response, both increased leaf
transpiration and oxidative stress take place in
heated leaves and cells. Transpirational cooling
helps to balance energy surplus and protect leaf
tissues against the damage from heat without
spending too much ATP energy, but the mecha-
nism can only be effective if plants have enough
water in the soil. Because high temperature is
often accompanied by low water availability in
soils, this may cause leaf water potential decrease
amplifying the negative effect of heat stress.
In conditions of extreme, even short-time heat,
plant tissues are directly exposed to heat and
undergo irreversible cell collapsing.

In this chapter we will focus mostly on studies
about photosynthetic responses of plants to

increase ambient temperature, particularly on
heat signaling, signal molecules, and pathways
associated with heat-stress response.

12.2 The Significance of
Temperature in Plants

As immovable, higher plants need the ability to
sense the short- and long-term fluctuations in
temperature and to realize the efficient physio-
logical response by active adjustment of their
biological functions to efficient functioning in
the subsequent temperature conditions (Browse
and Xin 2001). The universal mechanism of
physiological or photosynthetic response to
temperature, which would be valid for all crop
species, cannot be described. Plants respond to
changes in ambient temperature rather than to
absolute temperature. Moreover, different species
have inherent genetic diversity and different
strategy in growth and development. Thus, the
term “high temperature” is a relative term and
will be different for psychrophilic, mesophilic, or
thermophilic organisms and also for C3 and C4
plants (Falk et al. 2004).

Supraoptimal temperature conditions lead to
complex, still not fully understood effects on
integrative plant physiology and result to heat
stress. It significantly impairs the cellular
homeostasis both at the level of membrane and
protein stability. To minimize or avoid the nega-
tive heat-stress effects, plants need to trigger
appropriate responses (Yeh et al. 2012).
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Transduction of the high temperature signals
seems to be realized by nonoverlapping and inde-
pendent pathway components (Sung et al. 2003).
The perception and transduction of heat-stress
signals result in changes at the molecular level,
namely, the expression of genes and production
of transcription factors, leading in the next step to
synthesis of stress-related proteins and enhance-
ment of stress tolerance. It is well known that
especially the expression of specific heat shock
proteins (HSPs) represents an important adaptive
strategy. The high temperature resistance
provided by HSPs improves the functions of
the main physiological processes, especially
photosynthesis, growth, assimilates partitioning,
maintaining plant-water relations, etc. Hence,
plant growth and development can be maintained
under heat stress. However, it is clearly evident
that not all plant species or genotypes dispose
with similar capacity to cope with the high tem-
perature stress. There is huge interspecific and
intraspecific variation providing thus opportunities
for improvement of heat-stress tolerance in crop
plants (Wahid et al. 2007).

12.3 Heat Sensing and the Primary
Component of Heat-Stress
Signal Transduction Pathway
Network in Plants

The improvement of crop tolerance and produc-
tivity under high temperature stress calls for a
deeper understanding of the problem of heat
sensing and heat-stress responding in plants.
In plant cells, there is no specific molecule
playing the role of thermosensor. However, there
are various intracellular signaling molecules
that resulted from the exposure of plants to
external heat, that are integrated into the multiple
signal transduction pathway network involving
different cell compartments as well as cells
allowing either acclimation response in a case of
moderate heat (warming) or dying as a result of
extreme heat (Samach and Wigge 2005). The aim
of the network is to regulate gene expression
followed by changes in plant transcriptome,
proteome, and metabolome enabling plants
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to acclimate for surviving in the response of
heat (Fig. 12.1).

There are many evidences that in plants
responding to heat, two principal elements
operate on the signal transduction pathway
network, such as intracellular calcium (Ca?**) and
protein kinases, enzymes which phosphorylate
and, hence, increase activity of different target
proteins. Together, the signaling pathways that
utilize Ca?* ions and protein kinases constitute a
network of great complexity and importance
(Buchanan et al. 2000).

The primary sensor of a temperature change
is plasma membrane of plant cells. Fluidity of
membranes is given mainly by the lipid composi-
tion, the membrane lipid saturation, and temperature
of the environment. Change in membrane fluidity
caused by high temperature occurs immediately
when plants are exposed to temperature stresses.
It represents probably a site of stress signal
perception and/or injury (Jan et al. 2009).

As a result of even moderate temperature
increases not exceeding the temperature optima for
growth, both composition and physical state of
plasma membrane change, which in turn, influ-
ence the membrane fluidity and, consequently,
controlled passage of calcium ions across the
membrane (Saidi et al. 2009). Specifically, the
level of linoleic-like polyunsaturated fatty
acids of the plasma membrane decreases, and
conversely, the proportion of oleic acid and other
mono- and diunsaturated fatty acid increases,
leading to an increase of the membrane fluidity
and transient opening of specific Ca?* channels
(Saidi et al. 2010). There is still very little infor-
mation on the nature of these channels; however,
what we already know is that Ca®* ions passing
through the channels bind to calmodulin-binding
domains that activate at least two specific
calmodulin- and kinase-dependent signaling
pathways. Generally, these pathways result in an
upregulation of the heat shock protein (HSP)
expression in different compartments of heated
cells (Ruelland and Zachowski 2010). Some
authors demonstrate also a heat-induced protein
denaturation (unfolding) as another important
component of the heat-stress response in plants,
explaining that it can play a signaling role in
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Fig.12.1 The pathways of photosynthesis-related signal
transduction in heat stress. In high temperature condi-
tions, the Rubisco activation declines, resulting to lower
utilization of electrons for NADP reduction. The excess of
electrons produced by linear electron transport leads to
reduction of molecular oxygen, producing the superoxide
anion radicals O, at PSI, which are converted into hydro-
gen peroxide in the reaction catalyzed by SOD. H,0,, in
addition to its harmful effects, acts as a signal molecule
within a signal cascade containing also nitric oxide (NO),
abscisic acid (ABA), protein kinases, and calcium cation
Ca*. The pathways can contain also other components,
such as salicylic acid and cytokinins. The result of the sig-
nal cascade can be the expression of genes in chloroplast
resulting to stress response. Moreover, the ROS molecules
as well as other signal molecules (mainly Ca**) can move
from chloroplast to cytoplasm, where they contribute
to signal transduction pathways, resulting to expression
of stress-inducible genes in nucleus. Both nucleus and
chloroplast gene expression lead to stress responses:
1. enhancement of antioxidative system protecting against
oxidative damages caused by ROS as well as 2. synthesis
of protective compounds like heat shock proteins (HSPs),

osmolytes (e.g., proline (Pro), glycine-betaine (GB)),
xanthophylls of xanthophyll cycle (violaxanthin, anther-
axanthin, and zeaxanthin, V+A+7Z), and in some species
also volatile compounds like isoprene. The protective
compounds increase the thermostability of heat-sensitive
sites (HS) within plant cell and chloroplast, which are
mainly /. Rubisco activase and other enzymes, 2. oxygen-
evolving complex (OEC), 3. thylakoid membrane (TM),
4. other membranes in organelles, and 5. cell membrane.
In addition, the pathway of redox signaling based on
sensing of plastoquinone (PQ) redox status is included.
The redox sensor (RS), for example, thioredoxin, can
regulate expression of plastid genes, similarly to previously
mentioned pathways. Moreover, the PQ redox status regu-
lates also the electron transport rate through cytochrome
b6/f avoiding the overexcitation of PSI acceptor side
and producing the excess of ROS. The excess of light on
PSI is utilized by cyclic electron flow (CEF); on PSII is
the excess of energy dissipated in the process of non-
photochemical quenching (NPQ). The scheme was built
on the basis of recent papers (Hung et al. 2005;
Pfannschmidt et al. 2009; Saidi et al. 2011; Kreslavski
et al. 2012; Munné-Bosch et al. 2013)
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activation of some heat-stress transcription factors
(Yamada et al. 2007; Sugio et al. 2009).

Inactivation of these proteins is due to direct
or indirect conformational changes that cause
either switching their biological function off
(Sangwan and Dhindsa 2002) or even changing
their biological function as a result of their
oligomerization following the conformational
changes (Park et al. 2009). The transcription
factors upregulated from the heat-stress signal
transduction pathways represent only a little part
of the total plant transcriptome (5 %), and only a
small part of the transcript encodes heat-induced
molecular chaperones (Vierling 1991; Larkindale
et al. 2005; Richter et al. 2010). Plant chaperones,
mainly that belonging to the Hsp70 and Hsp90
families, are small proteins known to prevent cell
misfolding of proteins and their aggregation, and
thus they protect cell membranes in conditions of
heat stress. Except of their role in maintaining
the protein homeostasis and membrane integrity,
they also operate as negative feedback regulators
of the heat-stress response (Hahn et al. 2011).

12.4 Photosynthesis as a Heat
Sensor

Within the photosynthetic pathways, the photo-
chemical as well as biochemical processes are
integrated. In this respect, temperature conditions
will influence the photosynthesis through its
indirect or direct effects on different thermally
sensitive sites and processes, such as the electron
transport chain, photosynthetic carbon reduction,
synthesis of sucrose, and carbon partitioning (Falk
et al. 2004). Among all metabolic processes in
plant cell, the photosynthetic activity in chloroplasts
refers to the most heat-sensitive processes (Berry
and Bjorkman 1980; Yordanov et al. 1986). It means
that photosynthesis either can tolerate moderately
high temperatures due to reversible changes in
the photosynthetic apparatus or can be damaged
as a result of severe heat.

Photosystem II (PSII) localized in the thylakoid
membrane of chloroplast has been considered for
many years as the primary site of high tempera-
ture impairments of the photosynthetic function.
PSII was found to be the thermolabile, whereas
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photosystem I (PSI) has been shown as a heat-
resistant component of the photosynthetic electron
transport chain. On the thylakoid membrane
occur also reversible heat-induced changes,
such as a large shift of redox status of PSII and
PSI, where PSII becomes more oxidized and
PSI becomes more reduced (Datko et al. 2008).
High temperature-induced deactivation of PSII
involves impairmen